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UNIVERSITY OF SOUTHAMPTON

ABSTRACT

FACULTY OF PHYSICAL SCIENCES AND ENGINEERING

Optoelectronics Research Centre

Doctor of Philosophy

HIGH-ORDER HARMONIC GENERATION WITH SELF-COMPRESSED

FEMTOSECOND PULSES

by Patrick N. Anderson

Here, a state-of-the-art model is developed that can predict both the evolution of an

intense laser pulse propagating through a gas-filled fibre, and the extreme ultraviolet

field that it generates.

This model is first used to discover a new mechanism for compressing energetic laser

pulses to few-cycle durations within short gas-filled fibres at pressures where high-order

harmonic generation is routinely performed. Next, the fibre design is optimised for

enhanced phase-matching using the model. Once fabricated and integrated into the

source characterisation apparatus, the conversion efficiency at 30-40 nm is found to be

almost an order of magnitude higher than comparable sources. Preliminary simulations

also predict that isolated attosecond pulses may emerge from the fibre if parameters are

carefully tuned.

Additionally, a 13.5 nm source is developed in an extended gas cell geometry. Filters

suitable for this wavelength are tested and a single harmonic is then selected and brought

to a focus. This apparatus is now being used by the wider scientific community to image

test objects and biological samples.
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Chapter 1

Introduction

Since the development of the laser by T. H. Maiman in 1960 [60], light sources with

intensities sufficient to drive a nonlinear response within optical materials have become

commonplace. Such a response is at the heart of nonlinear optics, a rapidly evolving field

that has made it possible to dramatically alter the frequency of light, and accomplish

incredibly efficient amplification schemes - to name just a few examples. Today, nonlinear

frequency conversion is widely exploited to gain access to wavelengths where laser sources

are not available or would be impractical.

One particularly lucrative wavelength region is the extreme ultraviolet (XUV, 10-120

nm) and soft x-ray (SXR, 0.1-10 nm), where numerous applications exist throughout

the physical and biological sciences, including a fascinating microscopy technique known

as coherent x-ray diffractive imaging (CXDI) [63, 80]. This computationally intensive

technique removes the need for imaging optics altogether, and instead the sample is

illuminated by a coherent XUV or SXR beam, its diffraction pattern collected and an

iterative algorithm is called to reconstruct a high-resolution image of the sample. CXDI

is beginning to supersede x-ray microscopes that rely on complex reflective and diffrac-

tive optics, and offers many advantages over conventional high resolution microscopy

techniques. One such advantage is that high contrast images can be achieved by tuning

the wavelength of the XUV or SXR beam to the absorption characteristics of the sample.

An example of this, attracting particular interest from the biological sciences is the so

called ‘water window’ shown in Fig. 1.1 (a) where 2-4 nm SXRs are strongly absorbed

by carbon (due to the presence of the K-edge) but are transmitted by oxygen. A CXDI

result obtained by myself is shown in Fig. 1.1 (c), however the methods and theoretical

background required to obtain this example are beyond the scope of this thesis, where

the focus will be the frequency conversion process itself.

In this introductory chapter the extension of optical nonlinear frequency conversion to

XUV and SXR wavelengths is developed both chronologically and theoretically, and an

outline of the results in this thesis is given.

1
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Figure 1.1: (a) The water window - a region of the SXR spectrum where carbon
absorbs strongly and oxygen does not. This high contrast is an attractive prop-
erty when imaging biological samples. (b) Scanning electron microscope image
of a gold-coated silicon nitride membrane with the letters ORC removed by fo-
cused ion beam. (c) Corresponding CXDI result produced in a novel geometry
where the test object is positioned far from the focus of a bright 29 nm beam.
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1.1 SXR and XUV technologies

The majority of today’s experiments requiring XUV and SXR wavelengths are per-

formed at national facilities, where the electromagnetic radiation is generated within a

synchrotron storage ring or free-electron laser (FEL), but the vast scale of these facili-

ties makes them incredibly costly and access to visiting experimental scientists is often

limited to as little as a few days each year. The high demand for these wavelengths

has accelerated the development of a rival technique, which extends optical harmonic

generation to give access to XUV and SXR wavelengths in a compact environment. This

technique is known as high-order harmonic generation (HHG), and the experiment in

its most basic form shares many similarities with frequency conversion at near infra-red

(NIR, 700-1100 nm) and visible (VIS, 375-700 nm) wavelengths, however the extreme in-

tensities required to drive HHG and strong material absorption in the SXR/XUV require

the nonlinear crystal to be replaced with a low pressure atomic gas and the experiment

to be enclosed by a vacuum chamber.

The road to the experimental demonstration of HHG was a long one, as the laser technol-

ogy required to deliver optical intensities above 1013 Wcm−2 was simply not developed.

Then in 1985 D. Strickland and G. Mourou demonstrated the chirped pulse amplifica-

tion (CPA) scheme [85] and pulse intensities have grown ever since, long surpassing the

requirements for HHG. Soon after, in 1988 HHG was observed in the laboratory by M.

Ferray et al. [37], when a pulsed Nd:YAG laser with a peak intensity of 1013 Wcm−2 and

a central wavelength of 1064 nm was used to generate 32 nm radiation in argon. Since

this first observation ultrafast laser technology has advanced dramatically and compact

laser systems capable of delivering NIR pulses with multi mJ energies and sub 30 fs

pulse durations at kHz repetition rates are available commercially.

These advancements in technology have allowed research groups around the world to

shift the envelope of harmonics to include wavelengths shorter than 1 nm [75] and

achieve photon fluxes in the XUV comparable to a spatially filtered synchrotron light

source [18]. Both of these enhancements build upon a particularly interesting geometry

pioneered by the group of H. C. Kapteyn and M. M. Murnane, where HHG is restricted

to a short section of hollow fibre [79]. For their first experiment a simple capillary type

fibre with a core diameter of 150 µm and a 64 mm length was filled with ∼ 40 mbar of

argon, and pulses from a Ti:sapphire oscillator-amplifier system tuned to 800 nm were

launched into the fundamental mode supported by the fibre. The peak intensity of the

driving laser was ∼ 2 × 1014 Wcm−2 and a 20 fs pulse duration was maintained. The

advantages of this scheme over existing HHG geometries has two parts, the first of these

is an enhanced interaction length due to the waveguiding structure, but the second

is more subtle. All coherent frequency conversion schemes are required to be phase-

matched if they are to be efficient. This means the phase velocity of the driving pulses

must match that of the harmonics, which in the case of HHG is usually forbidden due to
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the chromatic dispersion of the medium. However, at low gas pressures and moderate

intensities the fibre geometry sufficiently modifies the phase velocity of the driving laser

to achieve phase-matching throughout the full length of the interaction region. This

led to an increase in flux at ∼ 27 nm of between 2 and 3 orders of magnitude when

compared with a more conventional geometry, and any further increases were limited by

absorption.

Scaling this scheme to SXR wavelengths has proved challenging, as the extreme in-

tensities required (1015 Wcm−2) lead to non-negligible free electron densities, and this

extra contribution to the chromatic dispersion spoils the phase-matching. Additionally,

the free electrons modify the shape of the driving field in both space and time as it

propagates along the fibre, further disrupting the simple phase-matching scheme. Two

separate approaches have been suggested to tackle these problems, the first of which ex-

tends the quasi-phase-matching (QPM) technique to XUV and SXR wavelengths. The

general principle of QPM is to turn HHG on and off periodically along the length of

fibre so the HH field does not experience destructive interference as it builds up. As the

free-electron density and harmonic order increase the distance over which this switch-

ing must occur becomes small, often 10−5 m or less if the harmonics are required to

extend to the water window. QPM schemes confined to waveguides have included the

modulation of the core diameter [69, 42], launching counter-propagating pulse trains

[93], exploiting mode beating [92] and alternating the polarisation state [58]. Although

enhancements in flux have been observed experimentally at XUV and SXR wavelengths,

the QPM achieved is often imperfect due to the period being too long, or maintained

over insufficient periods to surpass the flux of simpler time-dependent phase-matching

experiments (TDPM).

TDPM will be studied in this thesis, and is the second approach to performing HHG

efficiently at high intensities. This mechanism typically uses a driving pulse consisting

of only a few optical cycles to generate the required HHs before the free electron density

exceeds a certain threshold, below which absorption limited phase-matching is achiev-

able. This technique can also be combined with a numerical study of the driving pulse

propagation, to aid the stabilisation of spatio-temporal reshaping towards the exit of the

fibre, and to incorporate a temporal self-compression scheme into the geometry. This

approach has led to unprecedented flux in the XUV from conventional Ti:sapphire lasers

[18], and the phase-matched generation of ∼ 0.4 nm harmonics when driving HHG with

mid infra-red (MIR, 1100-10,000 nm) pulses [75].

In addition to their compact size HH sources are superior to synchrotron and FEL

facilities when performing time-resolved measurements such as spectroscopy [82], and a

long-term application of this technology is time-resolved CXDI, producing ‘movies’ of

samples with unparalleled spatio-temporal resolutions. These enhancements are a result

of the high temporal coherence and the ability to restrict HHG to an isolated burst [34],

with a typical duration of several hundred attoseconds [44, 81]. These bursts represent
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x-ray
photon

Figure 1.2: A simple semi-classical model of the HHG process. (a) The atom’s
nuclear potential is distorted by the strong laser field allowing tunnelling ion-
ization to occur. (b) The free electron is then accelerated by the field increasing
its kinetic energy. (c) As the field reverses the energetic electron may recombine
with its parent ion emitting a soft x-ray photon.

some of the shortest events ever observed in the laboratory, and pulse durations below

100 as can be achieved by carefully manipulating the spectral phase [94]. The origins of

these properties will be developed in the next section.
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Figure 1.3: Classical analyis of free electron dynamics in a time dependent
electric field (black curve). The 5 coloured curves show the trajectories taken
by electrons freed at different times. This simple model begins to demonstate
the origin of the attosecond bursts, as only electrons freed at ∼ 0.3 optical cycles
re-encounter the parent ion.

1.2 High-order harmonic generation

Several approaches are used throughout the literature to describe the origins of HHG,

one of which is the semi-classical ‘simple mans model’ developed by P. B. Corkum [24].

More rigorous quantum mechanical models are developed in the next section, however

this simple model will be used as an introduction because it allows for a straightforward

description of HHG and some of its complexities. The three key stages of the model

are illustrated in Fig. 1.2. In the first step, the time-dependent electric field interacting

with the isolated atom must reach a strength sufficient to distort the nuclear potential

and make ionization via tunnelling a likely outcome. Upon ionization the electron is

considered to be free, and is accelerated away from the parent ion by the strong electric

field. In the final step, the direction of the field reverses and the energetic electron

may recombine with its parent ion, emitting radiation in the form of a high energy

(XUV/SXR) photon. In addition to this qualitative description, important predictions

can be made from a classical analysis of the dynamics of free electrons released into a

strong linearly polarized electric field

E(t) = A sin(ωt), (1.1)
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Figure 1.4: The return energies of electrons released at increasing times, as
calculated by the classical model. The energies have been normalised with
respect to Up, and the peak of this curve explains the origin of the numeric
coefficient in Eq (1.6).
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Figure 1.5: The characteristic HH spectrum. Note the three distinct parts: a
perturbative section containing the low-order harmonics, a long plateau and an
abrupt cut-off above which no further harmonics are generated.
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Figure 1.6: (a) The wavevector of the harmonic radiation (blue arrow) and
driving laser (red arrows) when there is no mismatch. This leads to perfect
phase-matching, and the quadratic increase in harmonic power with respect to
propagation distance shown in (b). (c) and (d) The non-phase-matched case,
resulting in the periodic oscillation of the harmonic power. Note that these
illustrations are made in the absence of absorption which saturates the build up
of harmonic power.
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Figure 1.7: The conventional gas jet (a) and gas cell (b) geometries where a
pressure regulated supply (often pulsed) is connected to a nozzle or cell placed
within a vacuum chamber. Phase-matching limitations and short interaction
lengths make the hollow fibre geometry (a) an attractive alternative.

where A is the field amplitude and ω is the angular frequency. Provided the electron

velocity is 0 at release time t0, and its position is 0 at both t0 and return time t1 the

electron trajectories and return energies can be calculated as follows. Newton’s second

law gives the acceleration

a(t) =
eA

me
sin(ωt), (1.2)

where me and e are the electronic mass and charge. Integrating this once with respect

to time gives the velocity

v(t) =
eA

meω
[− cos(ωt) + cos(ωt0)] , (1.3)
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and a second integration gives the displacement

d(t) =
eA

meω

[[
1

ω
[− sin(ωt) + sin(ωt0)]

]
+ [t− t0] cos(ωt0)

]
. (1.4)

Fig. 1.3 shows the electron dynamics for a series of release times, and evaluating the

kinetic energy of the electron when it re-encounters the x-axis is a straightforward pro-

cedure, and is plotted as a function of release time and normalised to the pondermotive

potential [16]

Up =
e2A2

4meω2
(1.5)

in Fig. 1.4. Much of the physics observed in a HHG experiment is in fact recreated in

these simple plots. The narrow time window where free electrons re encounter the parent

ion gives rise to XUV/SXR radiation being emitted in a short burst, with a duration of

several hundred attoseconds. In this continuous wave example (or for many-cycle laser

pulses) extending the range of release times shows that these bursts are emitted twice per

optical cycle, generating a pulse train whose frequency-domain representation consists

solely of the odd harmonics of the driving field. This is consistent with what is observed

experimentally, and a typical HH spectrum is illustrated in Fig. 1.5. The shape of this

spectrum is interesting as it consists of three parts: a section containing the low-order

harmonics, a long plateau of increasingly higher order harmonics and then an abrupt

cut-off, above which no emission is observed. The location of this cut-off can also be

deduced from the classical model and Fig. 1.4 in particular, where the maximum value

describes the highest possible return energy. Adding this to the ionization potential Ip

gives a simple expression for the position of the cut-off in terms of photon energy [54]

Ec = Ip + 3.17Up. (1.6)

This equation is reasonably accurate when compared with advanced models and experi-

ments, and highlights the linear relationship between harmonic cut-off and the intensity

of the driving laser. There are however several factors that restrict the intensities used

to perform HHG, the most significant being phase-matching. Phase-matching allows

HH radiation generated by separate atoms to combine coherently, provided that a fixed

phase relationship can be maintained between the driving laser and harmonic field. This

relationship can only be achieved when the mismatch between the wavevectors ∆k is

zero. This mismatch is given by [23]

∆k = kh − qkl, (1.7)

where kh is the wavevector of the qth harmonic and kl is the wavevector of the driving

laser. Fig. 1.6 (a) shows these vectors when perfect phase-matching is achieved, and

Fig. 1.6 (b) shows the corresponding quadratic growth in the power of the harmonic
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field. Unfortunately, this is rarely achieved and the mismatch in Fig. 1.6 (c) causes an

oscillation in the power of the harmonic field as it propagates through the gas (Fig. 1.6

(d)). Here, the maxima represent points at which the phase shift between the two fields

exceeds π rad and they begin to interfere destructively. The distance up until this point

is called the nonlinear coherence length Lc and is given by [23]

Lc =
π

∆k
. (1.8)

This definition is an important one as it governs the maximum flux achieved by the

majority of HHG sources, especially at SXR wavelengths where reabsorption losses are

minimal. The first source of a non-zero ∆k when performing HHG appears in Fig. 1.4,

where two separate trajectories exist for each possible return energy. Those to the left-

hand side of the peak are referred to as the long trajectories and those to the right-hand

side are called the short trajectories. These trajectories interfere producing complex

structure in the plateau of the single atom harmonic spectrum, and their relative phases

are highly intensity dependent. The second and often dominant cause of poor phase-

matching is the chromatic dispersion, and compensating for this has led to various

geometries being explored. Conventionally HHG is carried out in either a gas jet (Fig.

1.7 (a)) or gas cell (Fig. 1.7 (b)). In these geometries a pulsed or continuous supply of gas

is connected to a nozzle or cell within a vacuum chamber and the driving laser focused

into them. One scheme, utilising the Gouy phase shift to enhance phase-matching

throughout a small region close to the focus has gained popularity [57].

However, if phase-matching is to be achieved over a considerable length the hollow

fibre geometry illustrated in Fig. 1.7 (c) should be used. As described in section 1.1,

good phase-matching of XUV harmonics can be achieved in this geometry thanks to the

appearance of the final term (describing modal dispersion) in the following wavevector

k(λ) =
2π

λ
+

2πp(ngas(λ)− 1)

λ
+ pηNatmreλ−

u2
11λ

4πa2
. (1.9)

Here, λ is the wavelength, p is the gas pressure measured in atmospheres, ngas is the

refractive index of the neutral gas, η is the ionization fraction, Natm is the number

density measured at 1 atm, re is the classical electron radius, u11 is the first root of the

zero order Bessel function of the first kind and a is the radius of the hollow core [79]. At

moderate intensities the second term (describing chromatic dispersion) is the dominant

source of phase mismatch, and because ngas is typically just below 1 for XUV and SXR

wavelengths the final term (describing modal dispersion) is correctly proportioned to

restore phase-matching. If the intensity is increased this is no longer the case and the

strong chromatic dispersion of the free electrons (third term) can lead to a very short

Lc. As outlined in the next section tackling this problem is a major theme of this thesis.
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1.3 Thesis outline

In chapter 2 a state-of-the-art numerical model is developed that is capable of predicting

both the evolution of the driving pulse as it passes through a gas-filled fibre and the

HH field that emerges. This model is relied on heavily throughout the remaining three

chapters of this thesis.

Chapter 3 is focused on the development and characterisation of HHG sources in the

laboratory. The first half of this chapter describes the gas-filled fibre beamline at the

University of Southampton and procedures are outlined for processing, mounting and

launching into the fibre before a simple source characterisation experiment is performed.

The second half of this chapter describes the development of a 13.5 nm XUV source at

the Artemis laser facility. The geometry used here is an extended gas cell, and interesting

development work is done preparing the new apparatus for applications in CXDI.

Chapter 4 contains the penultimate piece of work. Here, a new mechanism for compress-

ing energetic many-cycle laser pulses to few cycle durations within short gas-filled fibres

is discovered. Experimental measurements are recorded in the far-field and compared to

the theoretical predictions. The mechanism is then extended to novel wavelengths and

towards pulses delivered by high repetition rate fibre lasers.

In chapter 5 (the final chapter excluding conclusions) this new self-compression mech-

anism is used to optimise the phase-matching achieved within a gas-filled fibre. The

optimised design is then fabricated and its characterisation is compared to other pub-

lished data. Finally, the temporal structure of the XUV emerging from these fibres is

examined with the aim of synthesising an isolated attosecond pulse.



Chapter 2

Modelling HHG in gas-filled

fibres with minimal

approximation

This chapter describes the development of an advanced suite of numerical models capable

of predicting the characteristics of XUV and SXR fields generated when intense laser

pulses propagate through short gas-filled fibres. Such a system is challenging to model

because of the multiple scales involved: both the macroscopic propagation of the optical

field, and the microscopic (quantum mechanical) response of the gas are significant.

Finding numerical solutions to the emerging Maxwell-Schrödinger system is inefficient,

and simulations using this approach have (to date) been limited to interaction lengths

of ∼ 30 µm [59]. In order to extend this, a degree of approximation must be introduced

into the ab initio model. These modifications and their implementation in code are the

topic of the following section.

2.1 Medium response models

In this section models will be developed to describe the microscopic interaction between

an intense optical field and a low pressure atomic gas. The standard model used for

filamentation studies will be presented first, and then a quantum mechanical model

that incorporates HHG will be constructed and results discussed. These models act as

‘black boxes’ that evaluate the nonlinear polarization PNL(t) and current density J(t)

as required by Maxwell’s equations in subsequent sections.

13
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2.1.1 The standard model

The ‘standard’ model for calculating how gasses respond to intense laser pulses has

been developed by the filamentation community [26, 52]. This model allows for fast

computations and in the following is specialised to a low pressure atomic gas.

2.1.1.1 Nonlinear polarization

An atomic gas is classified as a centrosymmetric medium with an instantaneous Kerr

response, and the dominant nonlinear contribution to the polarization reads [16]

PNL(t) = ε0χ
(3)E(t)3, (2.1)

where E is the electric field resolved at time t, ε0 is the permittivity of free space and

χ(3) is the third-order nonlinear susceptibility of the gas. It is often helpful to replace

this susceptibility with the experimentally measured nonlinear refractive index [16]

n2 =
3χ(3)

4ε0cn2
0

. (2.2)

Here, c is the vacuum velocity of light and n0 is the linear refractive index of the gas.

In this form Eq. (2.1) is the source of all the commonly observed third-order opti-

cal nonlinearities including self-phase modulation (SPM), self-focussing, third-harmonic

generation (THG), etc. If THG is anticipated to be weak and fast numerical calculations

are desired the real valued electric field in Eq. (2.1) should be replaced by [25]

E(t) =
1

2
A(t)eik0z−iω0t + c.c, (2.3)

where A(t) is the envelope of the electric field, k0 the central wavevector, ω0 the central

angular frequency and c.c denotes the complex conjugate. Once the term oscillating at

the third harmonic is discarded Eq. (2.1) reads [25]

PNL(t) =
3

4
ε0χ

(3) | A(t) |2 A(t). (2.4)

This simplification holds for atomic gasses under the majority of conditions as THG

is in fact poorly phase-matched. However, if extensive supercontinuum generation is

predicted and computation times are not of great concern Eq. (2.1) should be used, as

these conditions can enhance THG and related cascaded nonlinearities.

2.1.1.2 Current density

In chapter 1 HHG was introduced with the requirement that the electric field is suffi-

ciently strong to ionize the gas within the intended interaction region. This leads to
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a non-zero current density J(t) appearing in Maxwell’s equations, and an additional

material response model is required to calculate J(t) for an arbitrary field E(t). The

governing equation used for this purpose is [28]

∂tJ(t) = −e
2ρ(t)E(t)

me
− J(t)

τc
− ε0c∂t

[∑
q [ρq(t)Wq(t)Uq]E(t)

| E(t) |2

]
, (2.5)

where e is the electron charge, me is the electron mass, τc is the collision time, ρ is the

total free electron density
∑

q [qρq] and ρq, Wq and Uq represent the density, ionization

rate and ionization potential of the qth charge state of the gas. The three terms on the

RHS of Eq. (2.5) describe different processes; the first term describes the acceleration

of charge, the second accounts for collisional damping and the third is an effective term

that will account for ionization induced losses once inserted into Maxwell’s equations.

The low gas pressures and short driving pulses used for HHG allow the second term to

be neglected, as the collision time is large when compared to the duration of E. The

1: function CURRENT MODEL(E(t), other)
2: . solve Eq. (2.6)
3: for each charge state q do
4: Wq(t) = IONIZATION RATE(E(t), q, other);
5: if q = 0 then
6: ρ0(t) = EXP(-INTEGRATE(W0(t)));
7: else if q = Q then
8: ρQ(t) = 1− SUM(ρ0(t) to ρQ−1(t));
9: else

10: ρq(t) = EXP(-INTEGRATE(Wq(t)))
11: × INTEGRATE(Wq−1(t)ρq−1(t)
12: ×EXP(INTEGRATE(Wq(t))));
13: end if
14: end for
15: . solve Eq. (2.7)
16: evaluate B(t) and C(t);
17: return IFFT(FFT

(
i
ωB(t)

)
+ ε0c FFT(C(t)));

18: end function

Algorithm 2.1: The efficient algorithm developed to calculate the current density
J(t) for a driving field E(t). In the first part ionization rates and populations
are calculated for the gas of interest. Here, the function INTEGRATE is a
cumulative numerial integral with respect to time. The second part of the
algorithm then solves for the current density by eliminating partial derivatives
in the frequency domain.
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densities of the various charge states are calculated using the rate equations [28]

∂tρ0 = −W0ρ0

∂tρq = Wq−1ρq−1 −Wqρq

∂tρQ = WQ−1ρQ−1, (2.6)

where Q represents the highest achievable electronic charge. To solve Eq. (2.5) it is

helpful to apply the simplification discussed above and rewrite it as

∂tJ(t) = B(t) + ε0c∂t [C(t)] , (2.7)

where B and C form the coefficients. The partial differentials can be eliminated via

the Fourier transform and (if necessary) J(t) can be recovered by applying its inverse.

Alg. 2.1 shows the black box developed to calculate J(t) for an input E(t) without

calling a numerical ODE solver. For the first part of the algorithm analytic solutions

are found for Eq. (2.6) by separation of variables and the integrating factor technique.

The second part of the algorithm solves Eq. (2.7) in the frequency domain and returns

its time domain counterpart. This approach has proved to be accurate, and is fast when

compared to numerical ODE schemes.

2.1.1.3 Ionization rates

The final component required in the model is a method for calculating the rate at

which the gas is ionized by the electric field. Several strong field ionization mechanisms

are active throughout the parameter space where HHG is routinely performed. The

most dominant of these is tunnel ionization, where ionization rates exceed those of

multiphoton ionization (MPI) by an order of magnitude or more. Physically, this process

occurs when the potential barrier of the atom (or ion) is distorted sufficiently by an

external electric field that the electron can tunnel through it. L. Keldysh developed

the framework used today for the theoretical study of strong field ionization [48, 76],

deriving analytic expressions for the ionization rate valid at the various limits of [76]

γ =
ω
√

2meUp

eApeak
, (2.8)

where γ is the Keldysh parameter and Apeak is the peak electric field amplitude. Tunnel

ionization is characterised by the limit γ � 1, and for the linearly polarized electric

fields used to drive HHG the ionization rate is given by [76]

W (t) = κ2

√
3

π
C2
κl2

2n∗
F (t)

3
2
−2n∗

e
− 2

3F (t) . (2.9)

The parameters are defined as follows:
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Figure 2.1: (a) The ionization rates of argon and its ions when driven by a strong
laser pulse. These are calculated via Keldysh theory using a peak field intensity
of 7.5× 1014 Wcm−2, an 800 nm wavelength and the pulse envelope illustrated
by the black dashed curve. (b) The normalised time dependent densities of
successive charge states. The strong field selected for this example leads to
multiple sequential ionizations and a population of Ar2+ begins to build up.

• κ =
√

Up

Uh
, where Up is the ionization potential of the species of interest and Uh is

the ionization potential of atomic hydrogen.

• Cκl is a coefficient describing the asymptotic behaviour of the radial atomic wave-

function far from the nucleus. Such coefficients are species dependent and are

listed in tabulated data [76].

• n∗ = q+1
κ is the effective principle quantum number, where q is the charge state of

the species prior to ionization.

• F (t) = E(t)
κEa

is the reduced electric field, where Ea is the atomic unit for electric

field.

• Finally, converting the ionization rate into SI units requires an additional coeffi-

cient equal to the atomic unit of frequency 4.13× 1016 s−1.

The nonlinearity of strong field ionization is demonstrated in Fig. 2.1 for an intense

laser pulse interacting with an argon atom. The rapid variation in ionization rates

and normalised populations above particular intensity thresholds is in fact the primary

source of spatial and temporal reshaping of the E-field driving HHG in low pressure
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gases. Eq. (2.9) provides an efficient method for calculating ionization rates, and unless

stated otherwise it will be the implementation used within Alg. 2.1.

2.1.2 Advanced models

The nonlinear polarization model described in section 2.1.1.1 is not well suited to mod-

elling HHG. To include this effect the starting point for developing a material response

model is the time dependent Schrödinger equation (TDSE)

i~∂tψ(r, t) = Hψ(r, t), (2.10)

where ψ is the wavefunction, H is the Hamiltonian operator, ~ is the reduced Plank

constant and r is the spatial coordinate (x, y, z). This equation can describe the light-

matter interaction completely, however the Hamiltonian describing the exact atomic

system is routinely replaced by one that describes a ‘model atom’. These simplified

atoms facilitate the solution of Eq. (2.10) for HHG studies and typically involve a

combination of the following: reductions in dimensionality, restricting the number of

active electrons, the use of novel atomic potentials that yield exact solutions [17] and

the widely used strong field approximation (SFA) [56]. The SFA was developed by M.

Lewenstein et al. as a set of conditions that allowed P. B. Corkum’s classical three-step

model of HHG to be underpinned by quantum mechanics. Although this provides an

efficient method for incorporating HHG into a material response model the HH spectra

are inconsistent with the ab initio model throughout the harmonic plateau [40]. Much of

the data generated in experiments originates from this region, so alternative approaches

are needed if direct comparisons are to be made. The methods developed here use 1D

model atoms to reduce the computational complexity of solving Eq. (2.10) directly.

For the linearly polarized electric fields used in conventional HHG geometries this is a

good approximation, and despite often overestimating the ionization rate, HH spectra

compare favourably [78]. The model described below operates within the single active

electron (SAE) approximation, and an efficient black box is presented for calculating

PNL(t) from an arbitrary field E(t).

2.1.2.1 The SAE approximation

The model used here is the 1D TDSE in atomic units, with a Hamiltonian reflecting the

reduced dimensionality and a SAE [78]

i∂tψ(x, t) = Hψ(x, t)

=

[
−1

2
∂2
x −

[
1√

α+ x2
+ xE(t)

]]
ψ(x, t). (2.11)
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Figure 2.2: The normalised soft Coulomb potential (red curve) and ground
state electron density (blue curve). In this example the parameter α has been
adjusted so the energy of the ground state coincides with tabulated data for
argon.

Figure 2.3: The electon density plotted as a function of time for a model argon
atom interacting with the superimposed electric field (white curve). The driving
pulse has a peak intensity of 1 × 1014 Wcm−2, a 10 fs FWHM duration and a
central wavelength of 800 nm.
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Figure 2.4: (a) The nonlinear polarization and its frequency representation (b)
extracted from the SAE TDSE model (same parameters as Fig. 2.3). Both low
and high-order harmonics are resolved by this material response model with a
moderate efficiency.

Here, the Coulomb potential has been smoothed to reduce the influence of the singularity

in 1D and enhance the stability of numerical solutions. The parameter α is close to 1,

and can be scaled appropriately to match the energy of the ground state with tabulated

data for the atom or ion being modelled. Various approaches can be used to solved Eq.

(2.11) numerically including finite difference schemes like the Crank-Nicholson, however

due to its elegance, efficiency and accuracy a symmetrised split-step Fourier method

(SSFM) is developed here. To derive a discrete time propagator for the wavefunction

over a step ∆t, the starting point is the formal solution to Eq. (2.11) [32]

ψ(x,∆t) = e−iH∆tψ(x, 0). (2.12)

1: initialisations;
2: for each time step ∆t do
3: calculate V (x, t);

4: φ(x) = IFFT(EXP(−iK(k)∆t
2 )FFT(ψin(x)));

5: φ(x) = EXP(−iV (x, t)∆t)φ(x);

6: φ(x) = IFFT(EXP(−iK(k)∆t
2 )FFT(φ(x)));

7: ψout(x) = φ(x)B(x); . apply absorbing boundaries
8: ψin(x) = ψout(x); . update initial condition, calculate expectation values
9: end for

Algorithm 2.2: The SSFM implementation used to solve the 1D TDSE under
the SAE approximation. This simple algorithm is efficient and can easily be
extended to higher dimensions as required.
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The aim of this and other operator splitting methods is to separate H such that its

constituent parts can be applied in an efficient manner. For the TDSE this involves

evaluating the potential part V = 1√
α+x2

+ xE(t) in real space and the kinetic part

K = 1
2∂

2
x in Fourier space, which eliminates the partial derivative from the Hamiltonian

entirely. As K and V are noncommutative operators this splitting is not as straightfor-

ward as Eq. (2.12) first implies, and the Strang splitting formula is applied to obtain a

propagator that is accurate to the second order [32]

ψ(x,∆t) = e
−iK∆t

2 e−iV∆te
−iK∆t

2 ψ(x, 0). (2.13)

This is implemented in Alg. 2.2 where each propagation step is reduced to 4 fast Fourier

transforms (FFTs) and 4 elementwise multiplications, including one with a window

function B(x) that imposes an absorbing boundary condition to limit any non-physical

interferences. These operations are efficient to implement in code, and when compared

to finite differences the elimination of the partial derivatives via the SSFM often allows

for a sparser discretisation. It was found that simulations were convergent with a spatial

window of 600a0 (where a0 is the Bohr radius), 4096 spatial grid points and a time step

of ∼ 1 as. The final requirement to solve Eq. (2.11) is an initial condition. Here, this

is chosen to be the ground state wavefunction, and can be calculated conveniently with

Alg. 2.2 by setting E(t) = 0 and replacing the time step ∆t with an imaginary one.

Under these conditions an arbitrary ‘seed’ will relax into the ground state after a few

hundred iterations, and the resulting electron density is shown in Fig. 2.2. Here, the

process has been repeated for different α until the expectation value of the Hamiltonian

matched the ground state energy of an argon atom. As a test, and to gain a quantum

mechanical understanding of HHG, the interaction between an individual argon atom

and a laser pulse with a 10 fs full width half maximum (FWHM) Gaussian envelope,

a central wavelength of 800 nm and a peak intensity of 1 × 1014 Wcm−2 is simulated

here. The resulting temporal evolution of the electron density ψψ∗ with the electric

field driving the interaction superimposed is presented in Fig. 2.3. Examination of

the leading edge of the pulse shows that as the optical field gains amplitude parts of

the electron wave function tunnel through the distorted atomic potential and extend

radially over many tens of atomic radii. As the optical field reverses the non-localized

sections of the wavefunction collide with the bound section, leading to interferences and

rapid oscillations in the electron density function. It is these oscillations that are the

underlying source of HHG in the quantum picture of an atom interacting with a strong

optical field. Various time dependent expectation values can be extracted from these

simulations, and it is a topic of debate which is most appropriate for HHG studies. The

dipole moment

d(t) =

∫
ψ(x, t)xψ(x, t)∗dx (2.14)
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is the simplest of these, and factoring out the linear response and multiplying by

ea0ρ0(0), where a0 is the Bohr radius yields the nonlinear polarization PNL(t) in SI

units, as required by Maxwell’s equations [17]. This and its Fourier transform PNL(ω)

are plotted in Fig. 2.4 (a) and (b) to demonstrate the inclusion of HHG in this advanced

material response model. As the wavefunction describes the system completely, addi-

tional metrics describing the materials response to the field, such as ρ0(t) and W0(t) are

simple to obtain as and when required.

2.2 Nonlinear pulse propagation

An intense optical field propagating through a non-magnetic dielectric is governed by

Maxwell’s curl equations

∇×E(r, t) = −µ0∂tH(r, t) (2.15)

∇×H(r, t) = ε0∂t[ε(x, y, τ) ∗E(r, t)]

+∂tPNL(r, t) + J(r, t) (2.16)

and their corresponding divergence laws. Here, H is the magnetic field intensity, ε is

the time domain representation of the frequency-dependent permittivity, and µ0 is the

permeability of free space. Vectorial quantities are highlighted with a bold typeface and

the z coordinate points in the direction of propagation. In this section Eq. (2.15) and

(2.16) are reduced to a z-propagated first-order nonlinear PDE system. These equations

are then specialised to the gas-filled fibre geometry of interest and numerical methods

are discussed.

2.2.1 General coupled-mode equation

The starting point for this derivation is to expand the optical field into a set of transverse

spatial modes. The electric field for example becomes

E(x, t) =
∑
m,ω

[
Am(z, ω)Em(x, y, ω)eiβm(ω)z−iωt

]
, (2.17)

where Am is a complex spectral amplitude, Em is a transverse spatial mode function

and βm is a propagation constant - all of the mth mode respectively. The summation

extends over all M modes and Ω angular frequencies, and a similar expansion exists for

H. Following M. Kolesik and J. V. Moloney [51], Eq. (2.15) and (2.16) are multiplied
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by the conjugate modal fields to produce

Hm(x, y, ω)e−iβm(ω)z+iωt∇×E(r, t) = −µ0Hm(x, y, ω)e−iβm(ω)z+iωt

.∂tH(r, t) (2.18)

Em(x, y, ω)e−iβm(ω)z+iωt∇×H(r, t) = ε0Em(x, y, ω)e−iβm(ω)z+iωt

.∂t[ε(x, y, τ) ∗E(r, t)]

+Em(x, y, ω)e−iβm(ω)z+iωt

.[∂tPNL(r, t) + J(r, t)]. (2.19)

To simplify notation the arguments will now be omitted and conjugate modal fields

Em(x, y, ω)e−iβm(ω)z+iωt and Hm(x, y, ω)e−iβm(ω)z+iωt will be re-written as E∗m and H∗m.

Again, following [51] Eq. (2.18) and (2.19) are first subtracted

∇[H× E∗m]− ∂t[µ0H∗mH]−∇[E×H∗m] = ∂t[ε0E∗mε ∗E] + E∗m[∂tPNL + J], (2.20)

and then integrated over then entire xyt domain to give

∂z

∫
ẑ[H× E∗m]dxdydt− ∂z

∫
ẑ[E×H∗m]dxdydt =

∫
E∗m[∂tPNL + J]dxdydt, (2.21)

where ẑ is a unit vector. The above integration step is valid provided the fields vanish

far from the optical axis, and at large past and future times [51]. Now, following [25]

the modal expansion (Eq. (2.17)) is substituted into Eq. (2.21) and applying the

orthogonality relation∫
ẑ[Hm × E∗n − Em ×H∗n]dxdy = 2δmnNm, (2.22)

where Nm is a frequency dependent normalisation and δmn is the Kronecker delta, yields

the general coupled mode equation

∂zAm(z, ω) = − 1

2Nm(ω)

∫
E∗m(x, y, ω)e−iβm(ω)z+iωt

×[∂tPNL(r, t) + J(r, t)]dxdydt. (2.23)

This equation is a powerful tool for developing nonlinear pulse propagation models

encompassing optical filamentation in a bulk material [73], multimode nonlinear fibre

optics [72] and nanophotonics [53]. In the next section Eq. (2.23) is specialised to the

gas-filled fibre geometry of interest.

2.2.2 Pulse propagation equations for a gas-filled fibre geometry

Simplifying Eq. (2.23) requires the introduction of a set of analytic expressions approxi-

mating the mode functions supported by the waveguide. For the dielectric capillary-type
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Figure 2.5: (a) The simple hollow capillary fibre. (b), (c) and (d) show the
intensity profiles of the 3 lowest order EH1m modes supported by the fibre.
Due to the launch parameters selected these are the only modes that will be
considered.

fibre shown in Fig. 2.5 (a) Marcatili and Schmeltzer [61] have constructed an orthogonal

set of transverse electric, transverse magnetic and hybrid EHnm modes. Of these only

the EH1m modes are linearly polarized, and it can be shown that a linearly polarized

Gaussian beam is preferentially coupled into these modes under centred launch condi-

tions. Additionally, if the waist of the waist of this Gaussian beam is manipulated to

be 0.64a then optimal coupling is achieved and 98.1% of the power is transferred into

the EH11 mode [65]. When the polarization axis of the electric field coincides with the
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Figure 2.6: The refractive index of 100 mbar of neutral argon.

x-axis the mode functions are given by [61]

Em,x = J0

(um
a
r
)

(2.24)

Hm,y = −
√
ε0
µ0
Ex, (2.25)

where J0 is the zero order Bessel function of the first kind, um are its roots and a is

the radius of the core. The intensity distributions of the three lowest order modes are

plotted in Fig. 2.5 (b), (c) and (d). For this geometry the modal propagation constants

are [61]

βm(λ) =
2πngas
λ

[
1− 1

2

[
umλ

2πa

]2
]

+ i
[um

2π

]2 λ2

a3

 n2
glass + 1

2
√
n2
glass − 1

 . (2.26)

The real part describes both waveguide dispersion and the chromatic dispersion of the

neutral gas. For wavelengths spanning the UV and MIR the refractive index of the

neural gas ngas is calculated with a Sellmeier equation. Using the coefficients given

by Bideau-Mehu et al. [13] the refractive index of 100 mbar of argon is plotted as a

function of wavelength in Fig. 2.6. Fig. 2.7 (a) shows the real part of the propagation

constant as a function of wavelength and m for a 75 µm core radius. The imaginary

part of Eq. (2.26) models the lossy nature of the modes. As the guidance mechanism

consists of a series of grazing incidence reflections from a dielectric whose refractive index

nglass is typically ∼ 1.45, light will leak from the core. Fig. 2.7 (b) demonstrates the loss

properties of the fibre described above. The rapid increase in loss with m and restricting

analysis to the dominant EH1m modes leads to a very efficient implementation in code.

In later sections this propagation constant will be modified and extended to XUV and
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Figure 2.7: (a) The real part of the propagation constant plotted for the first 5
modes. The separation between the curves is difficult to resolve, so it is plotted
separately in (c). (b) The imaginary part of the propagation constant which
accounts for the lossy nature of the guiding mechanism.
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SXR wavelengths. Now the fibre geometry and mode functions have been introduced

a unidirectional pulse propagation equation (UPPE) can be derived. First, the mode

functions Eq. (2.24 and 2.25) are inserted into the orthogonality relation Eq. (2.22) and

transformed to cylindrical polar coordinates to give

Nm = 2π

√
ε0
µ0

∫ a

0
J0

(um
a
r
)2
rdr. (2.27)

This is a standard integral, and applying the limits yields

Nm = π

√
ε0
µ0
a2J1(um)2, (2.28)

where J1 is the first order Bessel function of the first kind. Substituting Eq. (2.24)

and (2.28) into the radially symmetric form of Eq. (2.23) and normalising the temporal

integral with respect to a large window T gives

∂zAm(z, ω) = −
√
µ0

ε0

e−iβm(ωz)

a2J1(um)2T

∫ T
2

−T
2

∫ a

0
[∂tPNL(z, r, t) + J(z, r, t)]

×J0

(um
a
r
)
eiωtrdrdt. (2.29)

Here, the double integral and a portion of the denominator outside is the definition of

the discrete spectral transform (Fourier in time and Hankel in space) of ∂tPNL(z, r, t) +

J(z, r, t), leading to one of the main results of this section

∂zAm(z, ω) =

√
µ0

ε0
e−iβm(ω)z

[
iωP̃NL

(
z,
um
a
, ω
)
− J̃

(
z,
um
a
, ω
)]
. (2.30)

The tilde and their arguments highlight that PNL and J have undergone spectral trans-

formation. When combined with the assumption that only the forward propagating

field contributes to PNL and J Eq. (2.30) becomes a unidirectional pulse propagation

equation (UPPE), This approximation allows for an efficient numerical implementation,

and its validity has been demonstrated for nonlinear pulse propagation studies in gases

[50]. Introducing additional approximations into Eq. (2.23) allows various envelope

equations to be derived, including the nonlinear envelope equation (NEE) confined to a

gas filled fibre and the modified multimode generalised nonlinear Schrödinger equation

(MM-GNLSE). In the case of the modified MM-GNLSE the material response model

is introduced into Eq. (2.23) under the unidirectional approximation, and several fre-

quency dependent arguments are neglected and introduced via empirical correction terms
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instead. Using Peter Horak’s definitions the modified MM-GNLSE is [21, 47]

∂zAm(z, t) = Dm +
in2ω0

c

[
1 +

i

ω0
∂t

]∑
jkl

QmjklAj(z, t)Ak(z, t)Al(z, t)
∗

− ie2

2cε0meω0

[
1− i

ω0
∂t

] ∫
Em(r)S(z, r, t)ρ(z, r, t)rdr

−π
∫
Em(r)S(z, r, t)

∑
q [ρq(z, r, t)Wq(z, r, t)Uq]

| S(z, r, t) |2
rdr. (2.31)

Here, Dm describes conventional dispersion and losses, Qmjkl are mode overlap integrals,

S is defined as
∑

[Am(z, t)Em(r)], and the mode functions have been normalised so that

| S(z, r, t) |2 /2π has units of Watts. In the following chapters the modified MM-GNLSE

will be used when carrier resolution is not required, as intuitive numerical solutions can

be found more rapidly than for the UPPE.

2.2.3 Numerical methods

Considering the complexity of the system being modelled finding numerical solutions to

the UPPE is fairly straightforward. Inspecting Eq. (2.30) shows that it is in fact a large

system of ODEs coupled via the nonlinear source terms PNL and J . The propagation

over a longitudinal step ∆z can therefore be accomplished by a function that evaluates

the RHS and a call to an ODE solver. An additional modification is included in the

practical implementation to allow for a moving frame of reference. The pseudocode for

this is given in Alg. 2.3 and 2.4. The evaluation of the RHS of the ODE system for a

small longitudinal step δz is accomplished by Alg. 2.3. The discrete Hankel transform

is used to switch between the modal decomposition and the real space electric field,

1: function RHS(A(ω), δz, other)
2: for each mode m do
3: Am(ω) = Am(ω)EXP

(
i
[
βm(ω)− ω

c

]
δz
)
;

4: end for
5: E(r, t) = IFFT(IHT(A(ω)));
6: PNL(ω) = HT(FFT(POLARIZATION MODEL(E(r, t), other)));
7: J(ω) = HT(FFT(CURRENT MODEL(E(r, t), other)));
8: for each mode m do
9: Tm(ω) = [iωPNL,m(ω)− Jm(ω)]EXP

(
−i
[
βm(ω)− ω

c

]
δz
)
;

10: end for
11: return

√
µ0

ε0
T ;

12: end function

Algorithm 2.3: The algorithm developed to evaluate the RHS of the UPPE.
Here, the functions HT and IHT perform the discrete Hankel transform and its
inverse.
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and the fast Fourier transform is used to alternate between the frequency and time

domain. These transformations are required by the material response models. Alg.

2.4 is the main propagation loop and each iteration describes the propagation of the

initial condition Ain(ω) over a distance ∆z. The sophisticated numerical ODE solver

used here has adaptive step-size control, allowing an error tolerance and large ∆z to be

specified. The procedure developed by Peter Horak to solve the modified MM-GNLSE

is an operator splitting technique, and a pair of routines that share many similarities

with Alg. 2.3 and 2.4. The modifications arise due to the nonlinear propagation step

being performed in the time domain and the need to eliminate two time derivatives on

the RHS of Eq. (2.31). The details of the software implementation, optimisation and

performance will be discussed in section (2.4).

2.3 HH field propagation

If the fully quantum mechanical material response models developed in section 2.1.2

are used to calculate the source terms in the UPPE the generation of the HH field

is included directly in the propagation model. The only modification required in this

case is the extension of the propagation constants to XUV or SXR wavelengths. This

approach is not used here because when the UPPE is solved the nonlinear source terms

must be evaluated sequentially in the z-direction, and the lack of parallelism in this

dimension leads to unworkable computation times when propagating over distances of 1-

100 mm, even on the world’s largest supercomputers. Additionally, the huge bandwidth

and low divergence of the HH field increases the number of active frequency samples

and ‘modes’ dramatically leading to an inefficient propagation. To get around these

inefficiencies, frequencies generated that are higher than the TH are assumed to be

weak and not drive the nonlinear source terms. This assumption allows the propagation

to be performed as follows: The strong driving field is propagated via the UPPE using

the standard material response model (2.1.1) over a number of z-steps to give E(r, z, t);

the quantum mechanical material response PNL(r, z, t) is calculated from this and used

1: initialisations;
2: for each longitudinal step ∆z do
3: Aout(ω) = ODE SOLVER(RHS, ∆z, Ain(ω), options);
4: for each mode m do
5: Aoutm (ω) = Aoutm (ω)EXP

(
i
[
βm(ω)− ω

c

]
∆z
)
;

6: end for
7: Ain(ω) = Aout(ω); . update initial condition
8: end for

Algorithm 2.4: The algorithm used to propagate the field along the length of
the fibre in steps of ∆z.
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Figure 2.8: An illustration of the refractive index and absorption of 100 mbar
of argon in the SXR and XUV. The refrctive index is < 1 for wavelengths < 70
nm and the absorption is very strong throughout much of the region.

in a second propagation equation restricted to a conservative XUV/SXR bandwidth.

The final requirement in the model is knowledge of the frequency dependent complex

propagation constant at XUV and SXR wavelengths. Unlike in the VIS and MIR, at

short wavelengths the chromatic dispersion and linear absorption of the neutral gas

dominate dispersion or loss caused by waveguiding. This is included via the complex

refractive index [43, 30]

ngas(λ) = 1−
[
ρ0(0)r0λ

2

2π
[f1(λ) + if2(λ)]

]
, (2.32)

where r0 is the classical electron radius, and f1 and f2 are the real and complex parts of

the atomic scattering factors [43]. These factors are a wavelength dependent quantity

extracted from photoabsorption measurements. The refractive index and absorption

coefficient of 100 mbar of argon is plotted in Fig. 2.8 for the entire XUV and SXR

region.

2.4 Computational implementation and model validation

Now the final form of the model has been described, its computational implementation

can be discussed. Performance was a key consideration in the design process and the soft-

ware was developed with conventional cluster hardware in mind. However, optimisation

did not supersede the development of a highly modular code leading to the adoption of
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Figure 2.9: The structure of the program developed to solve the UPPE-TDSE
model. Sophisticated object orientated and parallel programming were used to
create a flexible, high-performance tool.
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Figure 2.10: The propagation distance achieved in 10 hours as a function of
the number of processor cores. The parameters used here are in-line with those
used in the following chapters.
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the object-orientated programming paradigm. When modelling physical systems object-

orientation allows the properties and physics associated with various components to be

encapsulated within ‘objects’. Fig. 2.9 shows the key objects required in the HHG

model, and these are interacted in the ‘main’ part of the program as described in the

previous sections and the specified data is produced. The advantage of using objects

becomes apparent when the system being modelled is modified. An example of this is

the convenience at which the gas or fibre can be exchanged for another, requiring only

1 line of code to be changed. This functionality will be used extensively in chapters

3, 4 and 5. The C++ programming language was chosen for the final implementation

because of its speed, object-oriented support and the ease at which standard C libraries

(MKL, FFTW, GSL, etc.) can be called upon for numerics and parallelisation when

required. The eigen template library was used heavily for linear algebra and vectorised

mathematical operations. It was commented on in section 2.3 how parallelisation is

implemented in the model and Fig. 2.9 shows this diagrammatically. The spectral am-

plitudes are stored at a series of z-positions and distributed to a group of ‘workers’ using

the message passing interface. These workers perform the intensive quantum mechanical

calculations and return the results to the main process for propagation. Further paral-

lelisation strategies have been explored but a limit of ∼ 500 processors per run leads to

difficulties. The performance of the program is shown in Fig. 2.10. The propagation

distance achieved with a 10 hour walltime is plotted as a function of processors. The

parameters used here are consistent with HHG experiments, and to my knowledge the

many mm of propagation achieved make this the most sophisticated tool developed to

study HHG in gas-filled fibres to date. Extracts from the code have been made available

on GitHub (GitHub, inc.) [2].

The modular nature of the program (shown in Fig. 2.9) is also helpful for locating

and fixing any errors introduced during the during the development stage. The various

elements of the program were tested individually against published or experimental data

before they are ‘connected’ together to form the UPPE-TDSE model. Two key examples

of this are the Schrödinger atom module being verified against the results of S. Rae and

co-workers [78], and as will be seen in chapter 4 the validation of the UPPE model with

respect to experimental measurements.

2.5 Conclusions and outlook

In this chapter a sophisticated model was developed that is capable of predicting the

output of a fibre based HH source. This model combines a state-of-the-art UPPE with

the TDSE and propagation over several mm is achieved by de-coupling the driving

and harmonic fields to increase the number of computations that can be performed in

parallel. This model (and its various constituent parts) are used throughout this thesis

with much success.
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The future development of this model is focused on adding a feedback step between the

TDSE calculations and the simplified medium response model used by the UPPE. This

will enable almost ab initio calculations to be carried out.





Chapter 3

Develoment and analysis of

laboratory HHG sources

This chapter describes the apparatus and experimental methods used to generate and

characterise high harmonics in the laboratory. In the first section the gas-filled fibre

geometry is discussed and the harmonic field emerging from a 7 cm length of fibre

analysed. The measured XUV spectra are then compared to their theoretical counterpart

and the complex spatio-temporal structure is found to be imprinted onto the harmonic

beam as a consequence the spatial and temporal structure of the driving pulse. The

second section focuses on the development of a 13.5 nm source at Artemis (an open

access laser facility at the Rutherford Appleton Laboratory). Here, an extended neon

gas cell is used and 13.5 nm XUV is successfully monochromated and brought to a focus

for applications in CXDI.

3.1 Short gas-filled fibres

This section describes the ongoing development of the gas-filled fibre beamline at the

University of Southampton. The fibre preparation, installation and launch will be de-

scribed in detail before discussing the XUV diagnostics and analysing the results of a

source characterisation experiment.

3.1.1 Ti:sapphire oscillator-regenerative amplifier system

A schematic of the University of Southampton laser system used throughout this thesis

is given in Fig. 3.1. At its heart is a compact Ti:Sapphire regenerative amplifier (Spectra

Physics, Spitfire Pro) utilising a CPA scheme to deliver 3 mJ pulses with 40 fs durations

at a repetition rate of 1 kHz. The seed for this amplifier is a modelocked Ti:Sapphire

35
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Nd:YVO4, 
SHG , 4W, CW

oscillator,
Ti:sapphire,
nJ, 80 MHz

spectrometer

Nd:YLF, 
SHG , 20mJ, 
100 ns, 1 kHz

grating stretcher

regenerative amplifier, 
Ti:sapphire, 1 kHz

grating 
compressor

790 nm, 3 mJ
 40 fs, 1 kHz

GRENOUILLE

to gas-filled fibre 
beamline

to imaging 
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Figure 3.1: The laser system at the University of Southampton. The oscillator
seeds a regenerative amplifier that is reliant on the CPA technique. Within
the amplifier the repetition rate is reduced to 1 kHz and the 40 fs pulses are
amplified to 3 mJ. After emerging from the amplifier the pulses are characterised
by a GRENOUILLE device and distributed to the various beamlines.



Chapter 3 Develoment and analysis of laboratory HHG sources 37

laser oscillator (Spectra Physics, Tsunami) whose nJ pulses are delivered at a repetition

rate of 80 MHz. These pulses enter the amplifier and are initially stretched by a grating-

based stretcher. This lowers the peak intensity of the pulses considerably, thus relaxing

the requirements on the damage threshold of the optical components within the amplifi-

cation stage. The Ti:sapphire crystal is positioned at the center of the amplifier’s cavity

and is pumped from both ends by an external 20 W frequency doubled diode pumped

solid state laser at 532 nm (Positive Light, Evolution 30). When operating the crystal is

maintained at a sub-zero temperature by a Peltier to reduce the likelihood of thermally

induced damage and stabilise the amplified mode. Once the gain medium has accumu-

lated sufficient energy from the pump a single stretched pulse is allowed to enter the

amplification stage via an electro-optic switch (in this case a Pockels cell). As the pulse

undergoes round trips it is amplified to a high energy and a second intra-cavity Pockels

cell and a thin-film polariser extract the amplified pulse directing it into a grating-based

compressor. The dispersion added by the stretcher and accumulated during amplifica-

tion is compensated for resulting in high energy ultrashort pulses leaving the amplifier.

To aid the day to day compressor optimisation a commercial GRating-Eliminated No-

nonsense Observation of Ultrafast Incident Laser Light E-fields (GRENOUILLE) device

[67] (Swamp Optics) is sent a small portion of the amplifier output. This is a compact

and greatly simplified frequency resolved optical gating (FROG) device [89], employing

iterative phase retrieval to measure the full E-field of the amplifier output and also pro-

viding a near-field diagnostic to study the mode. The pulses are then distributed to the

various beamlines by a combination of beamsplitters.

3.1.2 Fibre processing, installation and launch

When supplied the fused silica capillary-type fibres are 300 mm long with a 0.8 mm

outer radius and 75 µm inner radius (Silica Fibre Fabrication Group, Optoelectronics

Research Centre, University of Southampton). Incorporating these fibres into a HHG

set-up proved to be a lengthy process but several optimised procedures are outlined here.

3.1.2.1 Cleaving and polishing

The first important step is to cleave the fibre to the required length. The optimised

cleaving process is illustrated in Fig. 3.2 (a). The fibre is scored with a ceramic knife

and a droplet of water is deposited to assist the propagation of the fracture through the

cladding. Applying gentle longitudinal force along the length of the fibre and inducing

a slight bend such that score ‘closes’ was found to produce the best cleaves when the

end face was examined with an optical microscope.

Unfortunately, it was found that some unwanted material will always be left behind

when cleaving a capillary-type fibre in this manner. To achieve an optical quality end
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Figure 3.2: (a) The procedure used to cleave the fibre (top). The fibre is scored
with a ceramic knife and a droplet of water deposited. The fibre is pulled gently
from both ends and a slight bend applied to achieve a quality cleave. The fibre
is then placed in a mount and polished (bottom) (b) The end face of the cleaved
and polished fibre viewed under an optical microscope.

face lapping and polishing must be performed. This procedure is also illustrated in

Fig. 3.2 (a) where the cleaved fibre is placed in a mount that does not restrict its

vertical movement. Polishing fluid is then applied to the pad and the mounted fibre is

translated in a smooth figure of eight motion. The polishing pad is replaced for one of a

lower grade and the process is repeated (the smallest particle size used here is 300 nm).

Once complete the fibre is placed in a solvent-filled sonic bath to remove any residue

from the core and end faces.

The cleaved and polished fibre is shown in Fig. 3.2 (b). Note the macroscopic smoothness

and lack of any cracks or scattering features that may limit the coupling efficiency. Work

is ongoing to replace this procedure and make use of a laser cleaver available at the

University of Southampton. This would speed up the process considerably and give

high quality results.

3.1.2.2 Machining gas inlets

The next step in the fibre processing is to machine gas inlets through the cladding

and into the core at several points along the length of the fibre. Femtosecond laser

machining was selected for this task, as material will only be removed from the focal

volume enabling a high degree of control. The apparatus is shown in Fig. 3.3 (a). The

fibre is held in a V-groove on a 3-axis stage and high energy pulses from the laser system

described in section 3.1.1 are focused into the cladding at the required inlet position.



Chapter 3 Develoment and analysis of laboratory HHG sources 39

(a)

fibrefs laser
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v-groove 
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Figure 3.3: (a) The apparatus used to machine gas inlets in the cladding wall.
The fibre is mounted in a V-groove on a 3-axis stage and multi-mJ laser pulses
are brought to a focus at the required position. The stage is then translated to
several positions in order to remove sufficient material. (b) The machined inlet
viewed from above. Here, the fibre core is the bright stripe through the centre
of the image. (c) The same inlet viewed from the side. This time the core is
the bright stripe at the top of the image.
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The time taken to remove 0.8 mm of material and penetrate the core was calibrated

and the stage was scanned to enlarge the hole. The results are shown in Fig. 3.3 (b).

Here, the inlet is imaged from above and the bright horizontal stripe through the centre

is the hollow core. The same inlet is imaged from the side in Fig. 3.3 (c) and this time

the bright stripe at the top is the core. These images show very little collateral damage

highlighting the key advantage of femtosecond laser machining. Once the two inlets are

complete the fibre is returned to the solvent-filled sonic bath and cleaned thoroughly

prior to mounting.

3.1.2.3 Fibre mount

Once fibre processing is complete the bare fibre must be mounted in a manner that

allows several hundred mbar of gas to be passed to the inlets while maintaining a high

vacuum at the entrance and (especially) exit of the fibre to minimise nonlinear effects

and XUV re-absorption. To achieve this the fibre is placed inside a glass T-piece and

seals are created between the ends of the fibre and the two gas inlets. In Fig. 3.4 (a) the

T-piece is fabricated such that these seals can be made by the injection of a UV curing

adhesive. This approach is not suitable for all fibre designs as the inlet may become

blocked if a seal is required to be in close proximity. If this is the case rubber X-rings

can be used to make the seal. This technique is used for the fibre assembly in Fig. 3.4

(b) and has been found to perform well and enables T-pieces to be reused should the

fibre become damaged.

The fibre assembly is incorporated into the beamline as shown in Fig. 3.4 (b). It is

sealed between a pair of vacuum flanges that are attached to 2-axis stages and flexible

bellows. The entire front end of the gas-filled fibre beamline is shown in Fig. 3.4 (c).

Here, the third port of the fibre assembly is connected to a computer controlled pressure

regulated supply and the pumping strategy is illustrated. This part of the system has

proven to be very successful especially as extra support has now been added to stabilise

the fibre.

3.1.2.4 Launch optimisation

Launching into a freshly prepared fibre assembly is a lengthy process however once

it is in place daily alignment is far more straightforward. For the first step the lens

and entire front end assembly are removed, a pair of irises installed along the intended

path of the XUV (making sure this coincides with any subsequent components such

as filter apertures, etc.) and the laser aligned through these. The pulse energy is

reduced, the lens reinstalled and a knife edge measurement taken of the focal spot. The

telescope before the grating compressor is adjusted slightly and focal spot measurements

are repeated until the spot size coincides with the requirements for optimal coupling
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Figure 3.4: (a) The fibre secured within a glass T-piece using UV curing ad-
hesive. (b) The T-piece assembly mounted within the gas-filled fibre beamline.
This time the fibre has been secured in place by a pair of X-ring seals. (c) The
front end of the gas-filled fibre beamline and all associated vacuum systems.
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(a) (b)

Figure 3.5: Cartoon of the desired far-field mode pattern when aligning the
fibre at low and then high pulse energies. (a) Initially the alignment of the fibre
is performed with very low energy pulses. Under these conditions the 2-axis
stages are translated and the fundamental mode optimised in the far-field. (b)
Once the energy has been increased and gas injected the quality of the far-field
ring pattern is used to further optimise the launch.

into the fundamental fibre mode (48 µm for a fibre with a 75 µm core radius). The

position of this focus is then marked on the optical bench and the vacuum apparatus is

reconstructed so that the fibre entrance coincides with this point.

The vacuum pump is switched on, the diagnostic mirror inserted and low-energy pulses

allowed into the beamline. Using the 2-axis stages the position of the fibre is adjusted

while examining the mode in the far-field. Adjustments should be made until it closely

resembles Fig. 3.5 (a). The pulse energy is slowly increased while making constant

adjustments to optimise the mode and minimise supercontinuum generation. The typical

throughput achieved when following this procedure is 60 − 70%. Once a good launch

has been made gas is injected into the fibre and laser power is transferred via the gases

optical nonlinearities into the high order modes (the mechanisms responsible for this are

the topic of the next chapter). The launch is then further optimised by enhancing the

radial symmetry of this pattern to resemble Fig. 3.5 (b). This procedure has proved to

be successful and lifetimes of fibres used in the beamline have exceeded a year.

3.1.3 Thin-film filters

Before XUV generated within the fibre is allowed to pass into the chamber containing

the delicate diagnostic instruments the residual driving laser power must be removed.

This is achieved by free-standing aluminium filters with thicknesses of several hundred
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Figure 3.6: (a) The calculated transmission of a 200 nm film of aluminium for
the wavelength range of interest [30]. (b) The calculated transmission of a 20
nm layer of aluminium oxide over the same range [30].

nm. These are excellent at rejecting the driving laser and low-order harmonics, and have

proven to be resilient to long exposures and ageing. The transmission of 200 nm of alu-

minium at SXR and XUV wavelengths is shown in Fig. 3.6 (a). This is calculated from

atomic scattering data in a similar fashion to the gas absorption calculation described

in chapter 2. Unfortunately, the relatively high transmission between 20 and 40 nm is

degraded by the formation of oxide layers on each side of the film. To illustrate how

severe this can be the transmission of a 20 nm layer of aluminium oxide is shown in Fig.

3.6 (b). In section 3.1.5 the transmission of these filters will be measured experimentally

and predictions about the oxide thickness extracted.

Fig. 3.7 (a) shows a selection of the filters used on the gas-filled fibre beamline. The two

styles shown here are fabricated using different methods. The circular variety (Lebow

Company) consist of two 100 nm thick aluminium films held onto a 5 mm aperture by

van der Waals forces, and the square filters (Silson) are manufactured by depositing 200

nm of aluminium onto a silicon nitride membrane and etching part of this substrate

away. Both perform well when a pair of filters is used, but if an individual filter is a

requirement of the experiment the circular design is preferred. The filters are mounted

and installed into the housing shown in Fig. 3.7 (b). Typically two filters are installed

at two of the positions and a pair of beamblocks placed in the third. This is inserted

into the precision machined vacuum T-piece shown in Fig. 3.7 (c) and the 3 positions

can be selected via the mechanical vacuum feedthrough. This assembly includes a pair

of baffles to aid the removal of the driving laser and a long ‘siding’ is incorporated into

the design so the delicate filters can be moved out of the path of least resistance when

evacuating the chambers.
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Figure 3.7: (a) A selection of free standing aluminium filters used on the gas-
filled fibre beamline. The thickness here is 200 nm and the apertures are 5 mm.
(b) The filter housing. Typically a pair of 200 nm thick aluminium filters are
inserted into 2 of the available slots and beamblocks placed in the third. (c)
The filter housing inside its precision machined vacuum fitting. The baffles are
in place to further reduce laser scatter, and when evacuating the chamber the
filters are pushed into the siding for added protection.
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3.1.4 SXR/XUV diagnostics

The final element in the gas-filled fibre beamline is a suite of diagnostics for characterising

the high harmonic beam. This and the required vacuum systems are shown in Fig. 3.8

(a). The x-ray CCD camera (Andor Technology) is used to record near-field images of

the XUV beam. Photon numbers can be extracted from these as the quantum efficiency

of the detector and exposure time are known. This camera is positioned on a motorised

translation stage and once a series of images have been taken it slides out of the way

allowing the XUV beam to propagate into the XUV spectrometer. This spectrometer

(Shulz Scientific Instruments) is of a Rowland design and is illustrated in Fig. 3.8 (b).

The XUV beam enters through the slit before striking a cylindrical gold grating (1 m

radius of curvature) with an equidistant grove spacing of 300 lines/mm. The spectral

components illuminating the slit are imaged onto the Rowland circle where a curved

micro-channel plate (MCP) detector is positioned. The electron signal is converted to

visible light by a phosphor screen and this is imaged from outside the vacuum chamber by

a CCD camera (Princeton Instruments). As this detector assembly includes high voltage

components an additional turbo pump is used to maintain a high vacuum within this

instrument.

3.1.5 Harmonic beam characterisation and analysis

As the various component parts and alignment procedures have been presented the

results of a simple source characterization experiment can be described. For this exper-

iment ∼ 800 µJ pulses were launched using a 500 mm focal length plano-convex lens

into a 70 mm long fibre. Gas inlets were positioned 20 mm from each end and it was

secured inside the T-piece using the adhesive method. This was flooded with argon

and the near-field profile of the XUV beam was recorded with the x-ray CCD camera.

An exposure (100 ms) recorded with 200 mbar of gas in the fibre is shown in Fig. 3.9

(a). The non-uniformities are predominantly caused by a large damage spot and oil

droplets contaminating the surface of the detector. From these images the number of

XUV photons arriving at the detector each second can be found. It is then possible

to back-propagate through the filters and estimate the XUV flux generated within the

source. Before performing this back-propagation a simple experiment was carried out

to measure the transmission of a well oxidised 200 nm thick aluminium filter. To do

this one, two and then three filters were placed in the beam path, and from this data

the transmission of a single filter was estimated to be 0.13. This implies an oxide layer

of roughly 15 nm on each face of the filter. The photon flux measurements were then

back-propagated through a pair of filters and the XUV flux generated within the source

is plotted as a function of argon pressure in Fig. 3.9 (b). Error analysis was also per-

formed, and taking into account uncertainties in the quantum efficiency data provided
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Figure 3.8: (a) The chamber housing the XUV diagnostics and their associated
vacuum systems. The x-ray CCD is mounted on a motorised translation stage
so near-field and absolute XUV flux measurements can be made before allowing
the beam to propagate into the XUV spectrometer. (b) The layout of the
spectrometer used to characterise the XUV output of the gas-filled fibre. This
instrument is of the Rowland type and is configured to record spatially resolved
spectra between 20 and 60 nm.
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Figure 3.9: (a) An image of the XUV beam captured by the CCD camera. The
feature towards the top of the beam is the result of damaged detector pixels,
and the speckle pattern is caused by oil droplets on the detector surface. (b)
The number of XUV photons arriving at the detector each second is calculated
and plotted as a function of gas pressure. No dramatic enhancement in phase-
matching is observed with this fibre.

with the detector and varying oxide thickness between filters a conservative error esti-

mate of 20% was used. The low flux (when compared with published results in a similar

geometry [79]) and the lack of any dramatic variation as the pressure is tuned imply

that this is a poorly phase-matched source.

What is perhaps more interesting are the XUV spectra generated within this fibre. This

particular dataset was taken by Tom Butcher under similar experimental conditions and

results are shown for 50, 100 and 150 mbar in Fig. 3.10 (It should be noted that there

is an uncertainty of several nm in the spectral calibration as only 1 calibration point

was available and the central wavelength of the laser is dynamically changing). These

measurements deviate considerably from high harmonic spectra recorded at lower gas

pressures, and to understand the origin of the complex spatial and spectral structure the

model developed in chapter 2 was used. The experimental parameters were replicated

in the UPPE-TDSE model and when completed the XUV field was propagated through

a pair of filters and into the far-field. The numerical results (Fig. 3.11) capture many of

the features observed in the experiment. The off-axis structure is found to be imprinted

directly onto the harmonic beam by the mode functions that confine the driving laser.
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(a) (b)

(c)

Figure 3.10: XUV spectra recorded when 50 (a), 100 (b) and 150 mbar (c) of
argon is injected into the fibre. These spectra are far more complex than those
observed at lower gas pressures, and to understand the origins of this reshaping
the sophisticated model developed in chapter 2 was used. Note that due to only
a single calibration point being availible and a dynamic central wavlength there
is an uncertainty of several nm in the wavelength axis.
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(a) (b)

(c)

Figure 3.11: The experimental conditions used in Fig. 3.10 were replicated
in the full UPPE-TDSE model and the results propagated into the far-field.
Much of the complex radial and spectral structure observed in the experiment
is replicated here. This can be correlated to the mode functions supported
by the fibre and the highly nonlinear propagation of the driving laser. These
represent some of the most sophisticated simulations of HHG performed to date.



50 Chapter 3 Develoment and analysis of laboratory HHG sources

It can also be confirmed that the complex spectral structure is the result of the driving

laser undergoing increasingly nonlinear propagation as the gas pressure is increased (the

mechanisms responsible for this will be developed in the next chapter). This leads

to HHG being driven by multiple time delayed pulses, which in turn produces strong

modulations in the XUV spectrum. This is an interesting effect and the contrast of the

driving pulse can be enhanced by minimising these modulations in the XUV spectrum.

This is analogous to a common technique used to diagnose and correct multi-pulsing in

mode-locked lasers.

3.2 Extended gas cells

This section describes a 4 week experiment performed at the Artemis facility. The pro-

posal stated that optimised conditions would be found for extending the high harmonic

spectrum to shorter wavelengths. The XUV beam would then be monochromated at 13.5

nm and brought to a focus where CXDI would be carried out. The source development

was very successful and several groups have begun to use the apparatus constructed

for CXDI of test objects and biological samples. This work was performed with Bill

Brocklesby, Richard Chapman and Peter Baksh.

3.2.1 Modifications to the AMO beamline at Artemis

The Artemis facility is based around a laser oscillator-multipass amplifier system (KM

Labs) capable of delivering 12 mJ NIR (800 nm) pulses with 30 fs durations at a repeti-

tion rate of 1 kHz. Additionally, this can be used to pump an OPA (Light Conversion)

to provide novel wavelengths or sent into a nonlinear pulse compressor to access few-

cycle pulses. Implementing a fibre-based HHG source into the allocated beamline was

not possible in the short time period so an extended gas cell was selected instead. For

these experiments focusing, pulse energy, gas species and driving wavelength were free

parameters in the optimisation procedure.

Fig. 3.12 shows the modifications made to the existing beamline. The light blue di-

electric mirrors deliver high energy NIR pulses to the gaseous target and the grey un-

protected metallic mirrors are used to deliver the output of the OPA. Note that the

focusing optics have also been exchanged (1 m focal length dielectric and 0.5 m focal

length metallic) to maintain a more consistent intensity. The metallic mirrors are also

used to deliver NIR pulses to a 100 µm thick BBO crystal within the vacuum chamber

allowing HHG to be performed with visible light. The aperture of this crystal is relatively

small so a reflective telescope is included in the beam path prior to the chamber.

The 5 mm long gas cell is attached to a pulsed valve (attotech) and suspended from

a 3-axis vacuum feed-through. This arrangement was later found to be a source of
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Figure 3.12: The new layout of the XUV generation chamber at Artemis. The
light blue dielectric mirrors deliver energetic NIR pulses to the gas cell and the
grey metallic mirrors deliver the output of the OPA. The metallic mirrors are
also used when driving a BBO crystal with NIR pulses and generating high
harmonics with visible light.
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Figure 3.13: The XUV spectrometer positioned directly after the generation
chamber at Artemis. The beam is diverted onto the grating by translating a
pair of gold grazing-incidence mirrors into its path. After striking the aberration
corrected grating the spectrum is focused across the flat detector assembly. The
instrument also includes a baffle to block the zero-order beam and an aluminium
filter can be positioned in the beam to assist calibration.

instability in the XUV beam, and the gas cell has since been remounted on a stable

3-axis motorised stage attached firmly to the optical bench.

3.2.1.1 Flat-field XUV spectrometer

For this experiment the Artemis flat-field spectrometer was positioned directly after the

large vacuum chamber shown in Fig. 3.12. This instrument is pictured in Fig. 3.13.

The XUV beam passes through a differential pumping aperture and is deflected onto

the grating by a pair of gold grazing-incidence mirrors that can be translated in and

out of the beam. The advanced aberration corrected grating (Hitachi) enables the foci

to be manipulated into a ‘flat-field’. The vacuum flange holding the detector assembly

was re-designed so that it overlapped with this region for the entire wavelength range of

interest (35 - 10 nm). The instrument also included a baffle to prevent the bright zero-

order beam from saturating the detector and an aluminium filter could be translated

into the XUV beam to provide a good calibration point at 17 nm. In future experiments

it would be advantageous to move the spectrometer further away from the gas cell. This
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Figure 3.14: (a) The transmission of a 200 nm film of molybdenum for the
wavelengths of interest [30]. (b) The transmission of the 50 nm thick silicon
nitride substrate [30]. (c) The simulated reflectivity of a mirror consisting of
100 thin layers of silicon and molybdenum for a 5◦ incidence [30]. The narrow
peak is centred at 13.7 nm.

will reduce the likelihood of optical damage to the mirrors and grating and enhance the

vacuum, enabling higher gas densities or lighter species to be used.

3.2.1.2 Isolating the 59th harmonic

The aluminium filters described in the previous section do not transmit between 6-17 nm

so this well tested technology had to be replaced with something else. Several metallic
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Figure 3.15: The chamber constructed to remove the residual driving laser, pick
out the 59th harmonic and bring it to a tight focus ready for CXDI. The three
mirrors that are not labelled are conventional metallic mirrors and are used to
confirm that the filters are attenuating the driving laser sufficiently.

films including zirconium have been used previously for this task but molybdenum (Mo)

is explored here because of its widespread use as an optical coating technology. Fig. 3.14

(a) shows the transmission of a 200 nm thick layer of molybdenum. The transmission

band overlaps nicely with the desired harmonic positioned at 13.5 nm. In addition to

the novel coating the filters were also prepared on 50 nm thick silicon nitride (Si3N4)

substrates. The transmission of these is shown in Fig. 3.14 (b), and thankfully the

harmonic of interest lies just to the right of the sharp absorption edge. The addition

of this substrate simplifies the fabrication process and greatly enhances the robustness

of the filters to pressure differentials. Due to the broad bandwidth of the filters they

cannot be used to extract an individual harmonic, and this is instead achieved via

molybdenum/silicon (Mo/Si) multilayer mirrors. The simulated reflectivity [49] of a

stack of 100 thin (10 nm) layers of molybdenum and silicon is shown in Fig. 3.14 (c)

for a 5◦ incidence. The reflectivity peak is sufficiently narrow to isolate an individual

harmonic at 13.5 nm.

The filters were fabricated (Silson), mounted and inserted into a housing and vacuum T-

piece identical to the one described in the previous section. Next, the multilayer mirrors

(Fraunhofer) were positioned as shown in Fig. 3.15. Here, a flat multilayer reflects the

harmonic back onto a spherical multilayer with a focal length of ∼ 300 mm. The focal
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Figure 3.16: The high harmonic spectrum recorded by the flat-field spectrometer
when the neon-filled gas cell is driven by 1 (a), 2 (b), 3 (c) and 4 mJ (d) NIR
pulses.

volume of the 13.5 nm beam can then examined by the x-ray CCD (Andor Technology)

positioned on a 3-axis motorised stage. The final three mirrors inside the chamber are

conventional metallic mirrors and are used to diagnose the extinction ratio of the driving

laser striking the filters. Monitoring this is important because any filter damage could

lead to the driving laser being focused onto the CCD chip.
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Figure 3.17: (a) The spectrum recorded by the flat-field spectrometer when
driving HHG in argon with 1400 nm pulses. (b) This time the interaction is
driven with frequency double NIR pulses. The residual NIR leads to both odd
and even harmonics being generated. (c) Bright harmonics generated when 5
mJ NIR pulses are sent into helium.
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Figure 3.18: (a) An image of the 13.5 nm XUV beam taken away from the
focus using the x-ray CCD camera. (b) The spot size measured in the x and
y-direction though the focus. The separation between the foci is caused by the
spherical focusing mirror being positioned off-axis.

3.2.2 XUV wavelength and flux optimisation

Now the development work has been presented the source optimisation and characterisa-

tion experiments can be discussed. The first of these experiments was fairly straightfor-

ward, and involved increasing the NIR pulse energy and monitoring the XUV spectrum

using the flat-field spectrometer. The gas selected for this experiment was neon, due

to its high ionization energy and the ease at which it is handled. Fig. 3.16 (a) shows

the high harmonic spectrum produced with 1 mJ driving pulses. This spectrum shows

that the pulse energy is insufficient as the 13.5 nm harmonic is positioned in the cut-off

region of the spectrum. The pulse energy was increased to 2 mJ and the cut-off shifted

to shorter wavelengths as expected. This is shown in Fig. 3.16 (b). The pulse energy

was increased further to 3 (Fig. 3.16 (c)) and 4 mJ (Fig. 3.16 (d)) but the flux of the

harmonic of interest quickly saturated. The gas cell was then translated along the focal

volume searching for the optimal focussing conditions for phase-matching. These were

found to be in the proximity of the starting position so there was no need to repeat the

measurements. Increasing the time that the gas cell was supplied with neon was also

tried, but this quickly led to the pressure within the chamber exceeding the safe limit.
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For the next set of experiments the gas cell was driven with 1 mJ MIR (1400 nm) and

then 400 µJ VIS (400 nm) pulses. These pulse energies were lower than expected and

thus the gas had to be exchanged for argon in order to observe HHG. The idea here was

to test the simple scaling laws introduced in chapter 1 and see if either could enable

access to bright 13.5 nm radiation. As the driving wavelength is increased it is expected

that the cut-off will shift to shorter wavelengths. This is verified in Fig. 3.17 (a) but

with this decrease in wavelength comes a considerable reduction in flux. Going the other

way and driving the interaction with 400 nm pulses in the presence of the residual NIR

field (as in fig. 3.17 (b)) has the opposite effect. Generation becomes more efficient but

the 13.5 nm harmonic is engulfed by the cut-off. For the final measurement the gas was

exchanged for helium to take advantage of its very high ionization potential and 5 mJ

NIR pulses were launched into the gas cell. The flux at 13.5 nm (Fig. 3.17 (c)) was

slightly higher than that recorded in neon but removing the helium from the chamber

was too much of an engineering challenge for the short experimental run. Because of

this and the desire to work at lower pulse energies to protect the filters 2 mJ NIR pulses

and neon were the chosen generation configuration.

Once the generation parameters had been optimised the next step was to test the filters,

focusing geometry and measure the flux to see if these are appropriate for CXDI. For

the first part of this the metallic mirror directly before the flat Mo/Si multilayer was

translated into the beam and a photo-detector placed in the deflected beam path. An

individual Mo/Si3N4 filter was used to block the residual driving laser and a transmission

at 800 nm of 7×10−5 was measured. Before removing the mirror blocking the XUV beam

path, the longevity of the filters was confirmed by performing several long exposures.

Once satisfied the mirror was removed and the CCD camera was started. It was found

that when positioned close to the focus at least 3 filters were required to achieve an

acceptably low background. An image of the 13.5 nm beam recorded away from the

focus is shown in Fig. 3.18 (a). From this and the quantum efficiency data provided

with the camera the number of photons delivered to the focus was calculated. This value

was found to be 5 × 105 photons/s which is sufficient for performing CXDI provided

long exposure times are acceptable. Back-propagating this through the mirrors and

filters gives a flux of ∼ 1 × 108 photons/s. This is considerably lower than the flux

measured from the gas-filled fibre, but for CXDI the shorter wavelength may make up

this because of lower material absorption. To complete the characterisation the CCD

camera was translated along the optical axis through the focus. The spot size in the x

and y-direction is shown in Fig. 3.18 (b). This gives a conservative estimate of the focal

spot size to be 20 µm. The source of the slight separation between the two foci is due

to the use of an off-axis spherical focusing mirror, and the large uncertainty is due to

the pixel size of the detector approaching the spot size. Such a focus has not proved to

be a major hindrance when performing CXDI.
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3.3 Conclusions

The topic of the first part of this chapter was the gas-filled fibre beamline at the Uni-

versity of Southampton. The procedures developed to process, mount and launch into

a fibre were described in detail before discussing the results of a source characterisation

experiment. The XUV spectrometer measurements were found to be particularly inter-

esting and these were compared to results predicted by the UPPE-TDSE model. This

sophisticated model enabled the spatial reshaping of the XUV beam to be linked to the

mode functions supported by the fibre, and the spectral reshaping was attributed to the

highly nonlinear propagation of the driving pulses.

The second geometry discussed was a source of 13.5 nm XUV constructed at the Artemis

facility. The first part of this experiment involved finding the optimum conditions for

efficient generation. Many parameters were explored including MIR and VIS driving

wavelengths but the most efficient combination was found when focusing 2 mJ NIR

pulses into a neon gas cell. Next, the thin film technology was developed to remove the

residual driving laser, isolate and focus an individual harmonic at 13.5 nm. Finally the

focal spot was characterised and found to be well suited to CXDI. Visiting scientists

have begun to use this apparatus to image test objects and biological samples.

The next step in this work is to use fibre based sources on a day-to-day basis for CXDI.

To achieve this the long term stability needs to be improved, possibly via an entirely

new mounting, launching and alignment strategy.





Chapter 4

Self-compression in short

gas-filled fibres

This chapter is largely based on [7] and has been extended to include a selection of

experimental measurements at NIR wavelengths.

The CPA technique is evolving rapidly and is expected to deliver intensities above 1023

Wcm−2 this decade [35]. At more modest intensities where HHG is performed, laser

system development is focussed on increased repetition rates and providing access to

novel wavelengths from the mid-infrared through to the visible and ultraviolet (UV).

To achieve this an additional stage of temporal compression is desirable after CPA (or

after the subsequent wavelength conversion module) as it provides an elegant pathway

to increased peak powers. Also, several high-field techniques are enhanced when driven

with few-cycle pulses, as will be the discussed in the next chapter.

One compression technique that has gained particular popularity involves passing pulses

through a long (often a metre or more) capillary-type fibre filled with a high pressure

(typically several bar) atomic gas [64]. Here, the Kerr nonlinearity of the neutral gas

leads to spectral broadening. After the fibre a combination of chirped mirrors and thin

glass wedges can be used to carefully tune the spectral phase, enabling the compression

of multi-mJ many-cycle pulses into the few-cycle regime [14]. An alternative to this is

the ‘self-compression’ phenomena observed when laser pulses undergo filamentation [55].

Typically, these experiments involve loosely focusing high energy laser pulses in air or an

extended gas cell such that the peak power exceeds the critical power for self-focusing.

Under these conditions the linear and nonlinear response of the ionizing gas can reshape

the pulse dramatically in both space and time, again enabling the compression of con-

ventional multi-mJ pulses to few-cycle durations [84]. Despite being useful techniques,

both schemes come with their own disadvantages and limitations. Hollow fibre compres-

sors require specialised optics, complex optomechanics and considerable space. As pulse

energies are increased the gas will begin to ionize requiring compressor designs to be

61
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modified. It has been suggested that it may be advantageous to replace the hollow fibre

altogether and use a planar waveguide instead [66, 1]. When compressing pulses via fila-

mentation the temporal structure often becomes very complex, limiting the efficiency of

the technique. Additionally, at high pulse energies the onset of multi-filamentation [11]

leads to expansive and intricate spatial structure. This reduces both the usable energy

and stability of the few-cycle pulses, and shifts numerical study beyond the reach of

most groups. To overcome some of these issues modified self-compression schemes are

being explored where the interaction region is confined to a short (several cm) gas-filled

fibre. One of the first experiments of this type was performed by N. Wagner et al. where

2 mJ pulses were compressed from 30 fs to 13 fs after propagating through a 25 mm fibre

filled with 5 mbar of argon [90]. The low gas pressures and short propagation lengths

allow HHG to be performed efficiently within the compressor device itself [9, 18]. This

property will become only more valuable as the high field community continues its shift

towards the MIR [88, 83, 75, 8] and VIS/UV [36, 12] where ultrabroadband components

are not as well developed.

The key to extending this new technique to deliver few-cycle pulses and guarantee com-

patibility with novel laser sources is to gain a deep understanding of the physical mecha-

nisms involved. To date, several groups have performed theoretical studies that predict

self-compression of energetic laser pulses as they propagate through fibres filled with low

pressure atomic gases. Courtois et al. [28] build on the coupled mode equation devel-

oped by Tempea and Brabec [87] and predict the self-compression of 7 mJ 129 fs pulses

to 51 fs after just 1 mm of propagation through a fibre filled with 10 mbar of helium. In

the work by Wagner et al. [90] numerical solutions to Christov’s [22] three-dimensional

scalar wave equation are included in the study. The authors go on to compare these

with experimental data achieving a varying degree of success.

In this chapter the state-of-the-art nonlinear pulse propagation models developed in

chapter 2 are successfully used to isolate a mechanism that can provide access to few-

cycle pulses in this new compression geometry. These results are then shown to be

consistent with experimental spectra and SHG FROG measurements recorded in the

far-field. Further simulations show that the mechanism is also applicable at VIS and

MIR wavelengths, and work is ongoing to incorporate microstructured fibres into the

system with the aim of compressing 100 µJ few-100 fs pulses delivered by high-repetition

rate fibre CPA systems.

4.1 Preliminary simulations and analysis

Oscillator-amplifier systems using a bulk Ti:sapphire gain medium (like the two de-

scribed in chapter 3) are a relatively mature technology and are widely available com-

mercially. Short pulse variants have pulse durations of 25 - 45 fs, central wavelengths
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close to 800 nm and depending on repetition rate pulse energies between 100 µJ and

10 mJ. In this section the modified MM-GNLSE will be used to study the spatio-

temporal evolution of such pulses through short capillary-type fibres filled with low

pressure atomic gases.

4.1.1 Proposed spatio-temporal reshaping mechanism

For an initial simulation an 800 µJ pulse with a Gaussian temporal envelope, 40 fs

FWHM and 800 nm central wavelength is launched into a fibre with a 75 µm core

radius such that optimal coupling is achieved into the fundamental mode. The fibre is

filled uniformly with 100 mbar of argon and the pulse is allowed to propagate for 32

mm. The initial conditions and results of the simulation are shown in Fig. 4.1. At

the launch ((a) and (c)) 98.1 % of the power is contained in the fundamental mode. It

should be noted that the modes included in this figure are restricted to the 5 lowest

order EH1,m modes for clarity and 20 modes were used in the simulation. As the pulse

propagates ((b) and (d)) it is found that higher order modes are rapidly excited via the

plasma defocussing term in Eq. (2.31). To understand the physics and how it leads to

interesting temporal behaviour it is helpful to examine the simple optical system in Fig.

4.2 (a). Here a negative lens (the free electron distribution, refractive index< 1) is placed

between a pair of long parallel reflectors (the fibres core wall). The collimated beam

(fundamental mode) is defocused by the lens and a tight focus is formed after striking the

reflectors. Now, in the time dependent case the strong nonlinear field dependence of the

photoionization process causes the ‘negative lens’ to form close to the peak of the pulse

(Fig. 4.2 (b)). The deflected/confined light (higher order modes) will therefore acquire

a shortened temporal envelope, which is clear to see in Fig. 4.1 (b) m = 3. Analysis

based on modal envelopes is essential for understanding the underlying mechanisms

but can be misleading as the relative phases and extreme spatial confinement of high

order modes may be forgotten. Instead, it is more appropriate to study full spatio-

temporal/spectral fields (Fig. 4.3). The dominant feature in Fig. 4.3 (a) arises when

several of the compressed high order modes overlap such that they are in phase with

each other. In this particular example at t ' 20 fs the on-axis temporal FWHM (see the

inset) is reduced to 4 fs, giving an order of magnitude of temporal compression after just

32 mm of propagation. This compressed feature contains ∼ 20% of the launched energy

and it displays a good contrast with respect to the features at 0 and 50 fs. As HHG

doesn’t have any strict contrast requirements a contrast of 2 or more will be considered

good in this work.

The mechanism described here is very different to that developed to describe self-

compression within filaments. Neutral gas nonlinearities are found not to contribute

at all, however similar compression ratios and efficiencies are achieved at low gas pres-

sures where HHG is routinely performed.
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Figure 4.1: (a) and (c) The 800 µJ, 40 fs NIR pulse is coupled predominantly
into the fibre EH1,1 mode. (b) and (d) The envelopes of the EH1,m modes after
32 mm of propagation through a fibre with a 75 µm core radius filled with 100
mbar of argon.
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Figure 4.2: (a) The mechanism responsible for spatial compression within the
fibre is analogous to a defocusing optic (the free electrons) surrounded by a long
reflector (the core wall). (b) The free electron density is highly nonlinear in the
presence of a strong laser field. Therefore, the ‘defocussing optic’ will only be
seen by the trailing edge of the pulse and the deflected portion of the field (high
order modes) will acquire a shortened envelope.

4.1.2 Propagation effects

Returning to the initial simulation the spatio-temporal reshaping achieved within the

fibre is highly dynamical. Fig. 4.4 demonstrates the spatial HWHM (a), on-axis FWHM

duration (b) and on-axis peak intensity (c) as a function of z-position. When construct-

ing these plots and throughout the rest of this thesis the convention is used to analyse

the most intense feature within the pulse at each z-position. Although this leads to

discontinuities it is the most appropriate way to present the data with HHG in mind.

Much of the dynamic behaviour shown here is in fact driven by linear propagation ef-

fects. Intermodal dispersion causes the relative phases of the modes to slip, modulating

the spatio-temporal field calculated from the coherent sum involving all mode envelopes

and mode functions, Eq. (2.17). Also, as a considerable amount of power is coupled

into high order modes, their large loss influences the distance over which a short pulse

can be maintained with a high intensity.

4.1.3 Alternative parameter regimes

The effectiveness of the compression mechanism across the pressure and input pulse

energy parameter space will now be explored. This will allow predictions to be made

and limitations identified. Fig. 4.5 (a) and 4.5 (b) show the spatial HWHM and on-axis

FWHM duration as a function of the z-position and argon pressure. These simulations
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(a)

(b)

Figure 4.3: (a) and (b) The full spatio-temporal and spatio-spectral fields at
the output of the fibre for the same conditions as Fig. 4.1. Here, the 4 fs self-
compressed pulse at ∼ 20 fs contains 20% of the launched energy. The insets
display the values of the on-axis field.
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Figure 4.4: (a) Spatial HWHM, (b) on-axis FWHM duration and (c) on-axis in-
tensity as a function of z-position. The discontinuities arise during data analysis
as the most intense feature within the complex pulse is extracted. The input
pulse, fibre and gas parameters are the same as those used to produce Fig. 4.1.

demonstrate the importance of generating a high free-electron density when mode cou-

pling is the desired outcome. Fig. 4.6 (a) and (b) show the same quantities as a function

of z-position and input pulse energy. Again, the plots demonstrate the importance of

a high free-electron density but also highlight the nonlinearity of the photoionization

process itself, producing a distinct boundary within which spatio-temporal compression

is achieved. These datasets highlight the close relationship between spatial and temporal

compression, and suggest that whenever bright, nonlinearly excited high order modes are

observed in the far-field of an experiment then temporally compressed pulses are likely

to exist within the fibre, at least in the limit of pressures where material dispersion has

a negligible effect. The remaining plots, Fig. 4.5 (c) and Fig. 4.6 (c) show the on-axis

intensity (normalised with respect to the launched intensity) as a function of z-position,

argon pressure and input pulse energy, respectively. These plots show parameter regimes

where intensities increase by 1.6-fold, and it is within these regions that the highest pulse

contrast is observed. The positioning of these regions is largely governed by intermodal
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(a) (b)

(c)

Figure 4.5: (a) Spatial HWHM, (b) on-axis FWHM duration and (c) on-axis
intensity as a function of z-position and argon pressure. Here, the intensity has
been normalised with respect to the launched intensity. All other parameters
are identical to those used in 4.1.
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(a) (b)

(c)

Figure 4.6: (a) Spatial HWHM, (b) on-axis FWHM duration and (c) on-axis
intensity as a function of z-position and input pulse energy. This plot can
be considered as a replica of Fig. 4.5 with input pulse energy being the free
parameter and the argon pressure fixed at 100 mbar.
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dispersion, however excessive mode coupling at high gas pressures and pulse energies is

shown to spoil the pulse contrast.

4.2 Experimental study

Devices for measuring complex few-cycle pulses in both space and time are still in their

infancy [33, 15, 91]. Additionally, if a pulse like the one shown in Fig. 4.3 (a) is to be

measured it must first be extracted from the vacuum apparatus and delivered to the

diagnostic instrument in a manner that takes account of its extreme divergence. Instead

of tackling these problems head-on it was decided to take a different approach, comparing

measurements taken in the far-field with appropriately propagated simulations. This

simple study has led to improvements being made to the models and the observation of

the key aspects of the mechanism developed in section 4.1.1.

4.2.1 Spatio-spectral field

The first measurement compared with theoretical data is the spatio-spectral field shown

in Fig. 4.7 (b). This particular data set was taken by Richard Chapman and Thomas

Butcher [21] using the apparatus shown in fig. 4.7 (a). Here, a 765 µJ, 41 fs pulse with a

central wavelength of 790 nm is sent to the gas-filled fibre beamline described in chapter

3. The fibre used here is once again 70 mm long with a 75 µm core radius and gas

inlets positioned 20 mm from each end. The fibre was filled with a peak argon pressure

of 200 mbar. After leaving the fibre the broadened pulses were allowed to propagate

out of the vacuum via a steering mirror, through a variable attenuator and into a fibre

coupled spectrometer (Ocean Optics) that was translated across the beam. The total

distance from the exit of the fibre to the spectrometer was 0.8 m. The theoretical data

was propagated over this distance using a spectral method (chapter 2) and the result is

shown in Fig. 4.7 (c). In terms of total spectral broadening and the radial structure and

size the two compare fairly well, however the spectral structure is poorly replicated in

the theoretical plot. In order to correct this it was found to be necessary to characterise

the driving laser thoroughly so that realistic initial conditions could be passed to the

model.

4.2.1.1 Spatial measurements of the driving laser

Measuring the spatial intensity profile of a laser is fairly simple, and typically involves

passing the beam through a telescope and onto a CCD camera. Measuring the spatial

profile of the phase however requires far more specialised equipment, and this property

is not routinely measured outside of large scale laser facilities running adaptive optics.
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Figure 4.7: (a) The apparatus used to measure the spatio-spectral profile of
pulses in the far-field. The broadened pulses pass through a variable attenuator
and into a fibre-coupled spectrometer that is scanned across the beam. (b) and
(c) The experimental and theoretical spatio-spectral field of a 765 µJ, 41 fs pulse
with a central wavelength of 790 nm having passed through the fibre and 0.8 m
of free-space. The fibre used here is the same as the one described in chapter 3
and the peak gas pressure is 200 mbar.
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attenuator

to vacuum

iris + lens
CCD

Figure 4.8: The simple wavefront sensor device constructed from an iris (near-
field/pupil/etc.), thin lens and CCD camera with a high dynamic range. The
far-field image is recorded and the near-field amplitudes and phases are recon-
structed via iterative phase retrieval.

(a) (b)

Figure 4.9: (a) The reconstructed spatial amplitudes and phases (b) at the
iris. The smooth intensity profile and flat phase show that it is a reasonable
assumption to launch a Gaussian beam into fibre in the model.
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Unfortunately it was not possible to purchase a commercial device such as a Shack-

Hartmann sensor [70] or lateral shearing interferometer [77], and instead iterative phase

retrieval was used to recover the amplitude and phase of the beam from a single image

recorded at the focus of a thin lens. This novel technique for analysing wavefronts has

not found regular use in laser laboratories (except when posed as a microscopy problem!

See chapter 1) but it is a common technique in astronomy [31].

The device constructed is shown in Fig. 4.8. Part of the CPA beam is picked-off and

attenuated close to the gas-filled fibre beamline. The beam then passes though an iris

positioned just before a 1.5 m focal length lens and a high dynamic range CCD camera

(Princeton Instruments) records the far-field intensity distribution. Here, the thin lens

is performing a Fourier transform and the iris is providing a strong near-field constraint

so the phase-retrieval algorithms described by J. R. Fienup [38] can be applied directly

to reconstruct the amplitude and phase at the iris. The hybrid input-output (HIO)

algorithm with shrinkwrap [62] was selected to perform the reconstruction because of

its desirable convergence properties. This algorithm is shown in Alg. 4.1. Initially

the near-field n is populated with random amplitudes and phases and multiplied by

a simple circular mask. This is then propagated into the far-field via a 2D FFT and

the amplitudes are replaced by those measured with the CCD camera. The inverse 2D

FFT is then taken and an error metric is evaluated. The next step is unique to the

HIO algorithm as the near-field constraint is not applied rigorously, but instead some

‘memory’ of the previous iteration is maintained through the parameter β (which is

typically set to 0.9) helping steer the solution away from local minima. Finally, the

mask is updated every 20 iterations via shrinkwrap (blurring the current solution with

a Gaussian kernel and thresholding) to help increase the rate of convergence.

After several hundred iterations the algorithm converges to the solution shown in Fig.

4.9. The smooth intensity and flat phase profiles measured here enable the continued use

1: initialisations;
2: for each iteration do
3: f = FFT2(n);
4: f ′ =

√
F EXP(i ARG(f)); . Fourier constraint

5: n′ = IFFT2(f ′);
6:

7: ε = SUM(INVERT(mask) n′) / SUM(mask n′); . error metric
8:

9: n = ((INVERT(mask) n) - (β INVERT(mask) n′)) + (mask n′);
10: mask = SHRINKWRAP(n′);
11: end for

Algorithm 4.1: The HIO algorithm used to reconstruct the near-field intensity
and phase n from the far-field intensity data F . For simplicity shrinkwrap is
applied at every iteration in this example.
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of a simple Gaussian beam launch in the model. Despite not solving the discrepancies

in Fig. 4.7 the diagnostic device constructed here is a very elegant one. Not only does

it measure the amplitude and phase of a laser beam, but it is easy to calibrate as the

iris aperture is known (enabling beam waist measurement), it also serves as a focal spot

diagnostic and if necessary an M2 parameter can be extracted by propagating the field

numerically through a focus.

4.2.1.2 Temporal measurement of driving pulses

Once spatial distortions were ruled out the next measurement to take was the electric

field at the entrance to the fibre. As discussed in chapter 3 the pulses emerging from the

amplifier are monitored by a suit of diagnostics including a GRENOUILLE. However, on

their way to the fibre the pulses pass through two beam splitters, a lens and a window.

Even with an unfocussed beam nonlinearities and dispersion will be active modifying the

pulses from the ideal Gaussian assumed in the model. To test this, the experiment shown

in Fig. 4.10 (a) was performed with the assistance of Thomas Butcher. The CPA beam

was diverted from the gas-filled fibre beamline and sent through a 3 mm thick block of

fused silica (thickness matched to the lens and vacuum window), through an attenuator

and into the GRENOUILLE. The pulse energy was then slowly increased and FROG

traces were recorded at typical operating values. Fig. 4.10 (b) and 4.10 (c) show the

reconstructed temporal and spectral amplitudes of the driving pulse used throughout

this section. The measured and reconstructed GRENOUILLE traces are provided in

appendix A for comparison. The FROG retrieval error of 0.00995 is acceptable for a

pulse of this type.

The pulse launched into the fibre differs considerably from the Gaussian profile assumed

before. When this experimentally measured field is used as the initial condition in the

model the spatio-spectral profile is greatly improved (Fig. 4.11). The overall broadening

and spatial profile remain an excellent match, and the spectral structure is now perfectly

resolved. The apparent off-axis shift in the peak intensity seen in the experimental data

is likely to be caused by a poorly calibrated attenuator or some saturation in the data

and not a physical effect. Much of this structure could be removed by using a focussing

mirror instead of a lens.

4.2.2 FROG measurements of fibre output

Once the pulses emerge from the vacuum apparatus the inner part of the ring pattern

is dominated by power that was propagating in the fundamental mode. Measuring

the temporal profile of this will allow several aspects of the mechanism described in

section 4.1 to be tested. Unfortunately the commercial GRENOUILLE device used

throughout this thesis would be operating beyond its specification [68] if it were to be
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Figure 4.10: (a) The geometry used to estimate the temporal field at the input
to the gas-filled fibre. The CPA beam is diverted through a block of fused silica
whose thickness is matched to the glass in the gas-filled fibre beamline. The
beam then passes through an attenuator and into a GRENOUILLE device. (b)
and (c) The experimentally measured temporal and spectral intensity after the
pulse of interest has propagated though 3 mm of fused silica. The measured and
reconstructed GRENOUILLE traces are provided in appendix A for reference.
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(a) (b)

Figure 4.11: (a) The experimental spatio-spectral data replicated from Fig. 4.7
(b) The corresponding theoretical plot having used the GRENOUILLE data in
the initial conditions. All of the features observed experimentally now appear
in the theory.

used to measure these pulses. Instead the single-shot SHG FROG shown in Fig. 4.12

was borrowed from the Artemis facility at the Rutherford Appleton Laboratory. This

device works as follows: the pulses enter through the aperture A1 and are divided by the

beamsplitter BS1, where half of the power is sent into the delay line DL. Pulses from the

two arms are then directed onto the cylindrical mirror CM such that the foci cross at an

angle within the 10 µm thick BBO crystal. This is an important aspect of the geometry

as it maps delay onto the spatial coordinate enabling single-shot measurements to be

made. The second harmonic exits the crystal and is collimated by the lens L1 before

being steered into the imaging spectrometer SP. The device also includes a fused silica

window on a flip mount (FS) to test for time ambiguities and an additional beamsplitter

BS2 to balance dispersion in the two arms.

The device was positioned in place of the fibre-coupled spectrometer in Fig. 4.7 (a)

and A1 was closed to remove any spatial structure that may be misinterpreted as delay.

The two arms were carefully aligned, crossed in the crystal and the delay was adjusted

to maximise SHG. The second harmonic was then aligned onto the slit of the imaging

spectrometer and the CCD camera was used to record a series of SHG FROG traces at

various input pulse energies (see appendix A). Ambiguities were checked, temporal and

spectral calibrations were taken and the SHG FROG traces were reconstructed using

commercial software (see appendix A). Finally, the spectral phase was modified to take
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into account the vacuum window, air and beamsplitters. The results are compared with

theory in Fig. 4.13 where the launched pulse energy is 100 µJ in (a) and (b), 500 µJ in

(c) and (d) and 1 mJ in (e) and (f). The fibre shares its design with the one used for

spatio-spectral measurements and is filled with a peak argon pressure of 100 mbar. The

comparison between experiment and theory is once again striking and these temporal

measurements demonstrate several of the effects outlined in section 4.1. An example

of this is the steepening of the trailing-edge of the pulse where power has been rapidly

coupled into high order modes. The FWHM durations of the pulses in Fig. 4.13 are

listed in Tab. 4.1. The discrepancy between the measured and simulated pulse duration

for a 500 µJ input may be attributed to a poor FROG reconstruction. The FROG

retrieval errors of 0.01004, 0.01973 and 0.0258 are acceptable when measuring complex

pulses like these, however the reconstruction at 500 µJ (see appendix A) captures less

of the detailed structure when compared with the 1 mJ result.

Figure 4.12: The FROG device used to characterise the pulses emerging from
the gas-filled fibre. The pulse enters through the aperture A1 and then gets
divided by the beamsplitter BS1. One replica then travels through the delay line
DL, and both are directed onto the cylindrical mirror CM such that they cross
within the 10 µm thick BBO crystal. The second harmonic is then collimated
by the lens L1 and directed into the imaging spectrometer SP. The other two
components labelled are a fused silica window FS on a flip mirror to examine
the time ambiguity and a second beamsplitter BS2 to balance the dispersion.
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Figure 4.13: (a), (c) and (e) The experimentally measured far-field pulse shape
for 100 µJ, 500 µJ and 1 mJ input pulses. (b), (d) and (f) The corresponding
theoretical results. The fibre shares its design with the one used in the spatio-
spectral study and in this instance it was filled with a peak argon pressure of
100 mbar.
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Input pulse energy [µJ] Experimental FWHM
duration [fs]

Theoretical FWHM du-
ration [fs]

100 47.1 47.0

500 29.3 50.7

1000 21.4 24.0

Table 4.1: The FWHM durations of the experimental and simulated pulses
shown in Fig. 4.13.

4.3 Simulations from the VIS to MIR

For the penultimate set of simulations the influence of the driving wavelength on the

spatio-temporal compression mechanism is studied. This is of interest because of current

shifts in the high field community away from the NIR and towards VIS and MIR wave-

lengths. High energy pulses throughout this region are being made available by efficient

wavelength conversion modules (harmonic generation and optical parametric amplifiers)

and laser systems utilising the optical parametric chirped pulse amplification (OPCPA)

technique or novel gain media (Tm).

For this set of simulations the fibre is once again 50 mm long with a 75 µm core radius

and is uniformly filled with 100 mbar of argon. The input pulse energy is 1.5 mJ, the

FWHM duration is 100 fs and the wavelength is varied between 500 nm and 2000 nm.

The results are shown in Fig. 4.14. The format here is similar to previous plots of this

type, (a) shows the spatial HWHM, (b) the on-axis FWHM duration and (c) the on-axis

intensity as a function of z-coordinate and central wavelength. Again a clear correlation

between the excitation of high order modes and temporal compression is seen. The

parameter space where spatio-temporal compression can be achieved is extensive, and

high contrast examples are given in Fig. 4.15 (a) at 1500 nm and Fig. 4.15 (b) at

500 nm. Changing the wavelength while keeping the fibre radius constant impacts the

intermodal dispersion and linear losses. An order of magnitude change in loss across

the simulations begins to limit spatio-temporal compression and intensities over long

propagation lengths at MIR wavelengths.

4.4 Compression of 100 µJ few-100 fs NIR pulses

An interesting and timely application for this technique is the compression of 100 µJ

few-hundred fs pulses delivered by compact ytterbium-doped fibre CPA systems. The

high repetition rates achievable from such architectures are of interest to the high field

community because of the enhancements in signal yield they could bring and new oppor-

tunities they could open up, such as performing metrology with XUV frequency combs

[12]. Simulations in this parameter regime may also be applicable to pulses delivered by
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(a) (b)

(c)

Figure 4.14: (a) Spatial HWHM, (b) on-axis FWHM duration and (c) on-axis
intensity as a function of z-position and central wavelength. The input pulse
energy is 1.5 mJ, the FWHM duration is fixed at 100 fs and the fibre has a
75 µm core radius and is filled uniformly with 100 mbar of argon.
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(a)

(b)

Figure 4.15: (a) High contrast example of the spatio-temporal compression of a
1500 nm pulse. (b) Another high contrast spatio-temporally compressed pulse.
This time the central wavelength is positioned 500 nm.
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(a)

(b)

(c)

Figure 4.16: (a) Spatial HWHM, (b) on-axis FWHM duration and (c) on-axis
intensity as a function of z-position and core radius. The input pulse energy
is 100 µJ, the FWHM duration is fixed at 275 fs and the central wavelength is
1050 nm. The core is filled in a uniform fashion with 200 mbar of xenon.
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high repetition rate regenerative amplifiers, thin-disk lasers, slab amplifiers and certain

coherent combination arrangements.

Activating the compression mechanism developed in section 4.1.1 for initial conditions

of this type is not straightforward because of the greatly reduced peak powers delivered

by such driving lasers. Several alterations are needed in order to produce a large step

in refractive index via ionization. First, the gas must be exchanged for one with lower

ionization potentials. For these simulations xenon has been selected, but more exotic

gaseous species may prove to be an interesting alternative if their nonlinear polarizations

and ionization rates can be accurately modelled. This change is not enough to produce

high free electron densities, so the fibre must also be switched for one with a smaller

core to increase the field strength. For these simulations the pulse energy is 100 µJ,

the FWHM duration is 275 fs and the central wavelength is 1050 nm. The core radius

of the fibre is varied between 20 µm and 30 µm and the xenon pressure is fixed at

200 mbar to maximise the potential for generating a high free electron density. The

results of these simulations are given in Fig. 4.16. The spatial HWHM in (a), the on-

axis FWHM duration in (b) and the on-axis intensity in (c) are plotted as a function

of the z-position and the core radius. In order to observe extensive coupling into high

order modes and the temporal compression that this has been shown to herald, core

radii must be kept below 22.5 µm for the chosen pulse energy. Within such fibres 275 fs

pulses can be compressed to 69 fs after 5 mm of propagation. As the size of the core

is reduced the propagation becomes increasingly dynamic early in the fibre. The pulse

then undergoes a stabilisation, maintaining a FWHM duration of 165 fs throughout the

remainder of the propagation. In order to explain the physical origins of these two

regions it is helpful to study the modal propagation constants over a broad range of

core diameters (Eq. (2.26)). The increase in separation between real parts at small core

radii leads to short characteristic beat lengths and the strong interference patterns seen

in 4.16. When the imaginary parts are compared with earlier simulations a difference

of 2 orders of magnitude is observed, and such a large increase in linear loss causes the

apparent stabilisation of the pulse after ' 20 mm of propagation. The lack of significant

enhancement of on-axis intensity is due to these large losses, and in this region the pulse is

contained predominately within the steepened fundamental mode. In future theoretical

and experimental this will be overcome by incorporating low-loss microstructured fibres

[29, 27, 41] into compressor designs.

4.5 Conclusions and outlook

In this chapter a new mechanism has been discovered to self-compress energetic many-

cycle laser pulses to few cycle durations within short gas filled-fibres. The mechanism

produces pulse contrasts similar to those observed from filaments but at significantly

lower gas pressures, enabling HHG to be performed within the compressor device itself
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(a) (b)

Figure 4.17: 4.16(a) and 4.16(b) Low-loss hollow-core microstructured fibres
fabricated at the University of Southampton (reproduced from [71]). These
have been incorporated into the nonlinear pulse propagation models developed
in chapter 2 and the impact on the spatio-temporal reshaping is being explored.

(as will be discussed in the next chapter). Spectrometer and SHG FROG measurements

were then taken in the far-field, and once the true initial conditions had been found and

incorporated into the model an excellent match between theory and experiment was

achieved. In the final two sections novel wavelengths (VIS to MIR) and pulses delivered

by high repetition rate fibre laser systems were explored. The compression mechanism

may be extended to both of these regimes, however high fibre losses can become a

limiting factor at long wavelengths and small core radii. In future work this will be

addressed by replacing the simple capillary-type fibre with a Southampton fabricated

microstructured fibre like those shown in fig 4.17 [71], where losses can be three orders

of magnitude lower. Fibres of this type have now been included in the pulse propagation

models developed in chapter 2 and work is ongoing to understand how the low fibre loss

modifies the spatio-temporal reshaping.



Chapter 5

Optimised HHG with

self-compressed pulses

This chapter is based on [18], and some preliminary computational results have been

added examining the XUV field in the time-domain.

For the final results chapter the spatio-temporal reshaping mechanism developed in

chapter 4 will be used to optimise characteristics of high harmonics generated in-situ.

In the first section the XUV flux is optimised by taking advantage of the enhanced

phase-matching achieved when driving HHG with few-cycle laser pulses. The optimised

fibre is then fabricated and integrated into the apparatus developed in chapter 3 and

the measured flux at 30 − 40 nm is shown to be amongst the highest ever reported.

The second characteristic of interest is the temporal structure of the XUV leaving the

fibre. Sophisticated simulations are performed using the models developed in chapter 2,

and a high-contrast few-cycle driving pulse is synthesised. The XUV field is simulated

and propagated through a thin titanium filter and a near-isolated XUV pulse with a

duration of 250 as is the result.

5.1 Enhanced HHG at high gas pressures

In order to achieve a high XUV flux some degree of phase-matching must be achieved.

At low gas pressures the methods outlined in chapter 1 are often successful. These

schemes rarely operate close to the absorption limit so considerable increases in flux are

on offer simply by working at higher gas pressures, provided the free electron density

can be kept sufficiently low. In this section this is achieved by designing, fabricating

and implementing a new gas-filled fibre that compresses the driving pulse to a few-cycle

duration throughout an absorption limited region close to its exit.
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5.1.1 Phase-matching and few-cycle pulses

As has been mentioned previously it is a high free electron density that limits the length

over which HHG can be phase-matched. This problem is insuperable at gas pressures

between 50-200 mbar if the driving pulse consists of many cycles. This is demonstrated

in Fig. 5.1 (a) where a 4 × 1014 W/cm2 40 fs NIR pulse is interacting with an argon

atom. Here, the harmonic of interest (∼ 30 nm) will be generated close to the peak of

the pulse and this will therefore experience the free electron density already generated

by the leading edge. This has a dramatic effect on phase-matching and the results of a

simple calculation performed to illustrate the coherence length at a gas pressure of 50

mbar are shown in Fig. 5.1 (b). To overcome this issue it is necessary to replace the

driving pulse with a waveform whose leading edge is incredibly steep. The few-cycle

pulses produced via self-compression in the previous chapter are a good approximation

of this, and an idealised (Gaussian) case is shown in Fig. 5.2. For an identical peak

intensity the use of a 4 fs driving pulse enables the coherence length to be extended close

to the absorption length of the gas. This simple mechanism will now be used to deliver

an unprecedented XUV flux in a simple and compact geometry.

5.1.2 Fibre optimisation procedure

The fibre design used thus far in this thesis (a 70 mm length with gas inlets positioned

20 mm from each end) was chosen long before any advanced theoretical capabilities

had been developed. When characterising the XUV output of this fibre in chapter 3

it was concluded that it was poorly phase-matched, and when compared to the results

of other groups the flux at 30 − 40 nm is indeed low [79]. To improve this a new

fibre was designed using the advanced numerical models developed in chapter 2. The

optimised design exploits the self-compression scheme outlined in chapter 4 to enhance

the phase-matching of the harmonics falling between 30− 40 nm at high gas pressures.

5.1.2.1 Gas density profile

Wherever simulations were compared to experimental measurements in the previous

chapters the gas density profile was also matched to the one supported by the fibre

mounted in the vacuum apparatus. This would be very difficult to measure and instead

it was calculated by Matthew Praeger using the computational fluid dynamics package

ANSYS CFX (ANSYS, inc.). The density profile was found to take a general form,

maintaining a constant value between the two gas inlets, followed by a sharp drop to an

intermediate pressure and then a linear gradient to either end of the fibre. An example

(normalised) is shown in Fig. 5.3. Note that the discontinuities at the inlets have

been softened, as this is a requirement of the numerical models. This profile is in good
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Figure 5.1: (a) The density of argon and its ions when interacting with a 4×1014

W/cm2 40 fs NIR pulse. (b) The results of a simple phase-matching calculation
for the same laser parameters and a 50 mbar argon pressure. The coherence
length of 30 nm XUV is demonstrated to be < 100µm.
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Figure 5.2: Replica of 5.1 for a few-cycle driving pulse of equal peak intensity.
The reduced free electron density makes it possible to extend the coherence
length towards the absorption length of the gas.
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Figure 5.3: The typical gas density profile used when simulating a real fibre.
The two steep features arise at the gas inlets and the pressure falls linearly
towards the entrance and exit of the fibre.

agreement with images taken of the argon ion florescence along the length of the fibre

[39].

The positioning of the gas inlets is a free parameter when designing a new fibre so the

influence of a gas density gradient on the spatio-temporal reshaping was explored. Fig.

5.4 (a) and (b) show the on-axis FWHM duration and peak intensity as a function of

z-position for an 800 µJ, 40 fs NIR pulse launched predominantly into the fundamental

mode of a fibre with a 75 µm core radius uniformly filled with 100 mbar of argon. These

figures are similar to those in chapter 4 and again the discontinuities arise from analysing

the most intense feature at each z-position. Fig. 5.4 (c) and (d) are identical except

for a gas density gradient being applied from the entrance of the fibre to its exit. This

changes the dynamics within the fibre considerably. Extensive mode coupling can no

longer take place early in the fibre and many of the features, such as the positioning of

the transition to a few-cycle duration are altered making this an interesting parameter

in any optimisation procedure.

In contrast Fig. 5.4 (e) and (f) show that the dynamics are fairly consistent when a

gradient is induced from the entrance of the fibre to its exit. This helps simplify the

optimisation procedure, and the gas inlet should be located as close as possible to the

fibres exit in order to maintain a high gas density. This is essential for achieving a flux
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Figure 5.4: The on-axis FWHM duration (a) and peak intensity (b) of a 800 µJ,
40 fs NIR pulse coupled predominantly into the fundamental mode of a fibre
with a 75 µm core radius filled uniformly with 100 mbar of argon. (c) and (d)
Here, the gas density rises linearly from the fibre entrance to the fibre exit. (e)
and (f) In this case the gas density falls linearly from the fibre entrance to the
fibre exit.
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no inlet inlet at 5 mm inlet at 10 mm inlet at 20 mm

Figure 5.5: The optimisation procedure used to design a new fibre with enhanced
phase-matching. Here the curves show the FWHM duration (averaged over 2.5
mm) of the first feature within the pulse with a field sufficiently stong to satisfy
the semi-classical cut-off law for generating 30 nm XUV. The dashed curve is
for a constant gas density of 150 mbar, and the inlet is then introduced and its
location optimised to minimise the duration. The fibre is then terminated at
this position.

that approaches its absorption limited value. In practice the positioning of this inlet was

limited by fabrication capabilities and it was placed 3 mm from the exit of the fibre.

5.1.2.2 Synthesising an optimal driving pulse

The following procedure was taken to optimise the fibre design for enhanced phase-

matching by driving HHG with a few-cycle pulse throughout an absorption limited length

at the exit of the fibre. First, a high gas pressure of 150 mbar was selected so that the

distance over which a few-cycle pulse needed to be maintained was minimised. Higher gas

pressures were considered but extracting it from the various vacuum chambers becomes

challenging, potentially leading to re-absorption. Next, MM-GNLSE simulations were

performed for a long length of fibre and a large selection of inlet positions. The data
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was then analysed to perform the optimisation. The FWHM duration (averaged over

2.5 mm of propagation) of the first feature with a sufficiently strong E-field to satisfy

the semi-classical cut-off law for generating 30 nm XUV was plotted as a function of

z-position. This was repeated for each inlet position and the plots were superimposed

(Fig. 5.5) enabling the fibre to be terminated and an inlet position selected such that

the duration is minimised at the exit.

From this optimisation procedure a 45 mm long fibre with a gas inlet positioned 5 mm

from its entrance was selected. This combination was selected because of the short

pulse in this region, the stability of the pulse duration and relative ease of manufacture.

This compromise was an important one, as machining and mounting fibres with inlets

positioned 3 mm or less from both ends was found to be very challenging.

5.1.3 Experiment and analysis

Once the design process was complete the 45 mm fibre with gas inlets positioned 5 mm

from the entrance and 3 mm from the exit was fabricated using the methods outlined

in chapter 3. As the gas inlets were so close to the fibre ends the X-ring method was

used to seal the fibre inside the T-piece. This new assembly replaced the existing one

in the gas-filled fibre beamline and ∼ 800 µJ pulses were coupled into the fibre using

the same procedure as before. It was obvious by viewing the fluorescence and the

far-field ring pattern that the propagation here was very different to the 70 mm fibre.

The fluorescence extended towards the exit of the fibre and the far-field ring pattern

was extensively broadened. These were both excellent indicators that the optimisation

process had been successful, and the XUV beam was then allowed to pass through a

pair of aluminium filters and into the chamber containing the diagnostic instruments.

5.1.3.1 XUV flux measurements

The first set of measurements taken were near-field images of the XUV beam. These

are shown in Fig. 5.6 after 50 (a), 100 (b), 150 (c) and 200 (d) mbar of argon is allowed

into the fibre core. As in chapter 3 the dark spots and speckle are damage and oil

droplets on the surface of the detector, and the 5 mm aperture of the filters is clearly

visible here giving an indication of the spot size. When compared to images taken of the

XUV output of the 70 mm fibre an increase in counts of almost 2 orders of magnitude

is observed. Also, at the higher pressures where the fibre design was optimised the

spatial profile is far more uniform. This is in line with what one would expect when

enhanced phase-matching is achieved, and an XUV beam of this quality would be ideal

for applications in imaging.

Next, the XUV flux was calculated by back propagating through the filters (as described

in chapter 3) and is plotted as a function of pressure in Fig. 5.7 (a). This shape is



Chapter 5 Optimised HHG with self-compressed pulses 93

(a) (b)

(c) (d)

Figure 5.6: Near-field images of the XUV beam recorded with 50 (a), 100 (b),
150 (c) and (d) 200 mbar of argon injected into the core of the fibre. The
beam has passed through a pair of aluminium filters and their 5 mm aperture
is imprinted in the images.
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Figure 5.7: (a) The XUV flux exiting the fibre as a function of pressure. This was
calculated from the CCD data, detector quantum efficiency and measured filter
transmission. (b) The FWHM extracted from the optimisation as a function
of the pressure. The maximum flux is found to coincide with the pressure at
which the fibre design was optimised.

reminiscent of the pressure dependent phase-matching typically observed at low gas

pressures. However in this case, phase-matching is enhanced by a reduced free electron

density as the pressure approaches the value at which the design was optimised. This is

confirmed in Fig. 5.7 (b) where the FWHM duration used in the optimisation is plotted

as a function of gas pressure. The flux follows this curve nicely, and the deviation at the

highest pressure is thought to be caused by re-absorption after the fibre as the vacuum

pumps begin to struggle to remove the gas. Unfortunately, simulations of absolute flux

were not possible at these wavelengths when working with argon as reliable absorption

data was not available.

5.1.3.2 XUV Spectra

Once near-field data had been collected for photon counting purposes the X-ray CCD

camera was moved out of the way and the XUV beam emerging from the fibre was

allowed to illuminate the slit of the XUV spectrometer described in chapter 3. The

recorded spectra are shown in Fig. 5.8 for argon pressures of 50 (a), 100 (b), 150 (c) and

200 (d) mbar. Note that the color axis has been manipulated to improve the contrast, and

the spectral calibration of the instrument has been performed using a single absorption

feature leading to an uncertainty of several nm in the wavelength axis. When compared

to the spectra recoded with the 70 mm fibre (chapter 3) the most noticeable difference
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(a) (b)

(c) (d)

Figure 5.8: The XUV spectra recorded at 50 (a), 100 (b), 150 (c) and 200 (d)
mbar. Unfortunatly, as only a single calibration point was availible and the
central wavelength of the laser varies dynamically there is an uncertainty of
several nm in the wavelength axis.
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(a) (b)

(c) (d)

Figure 5.9: Spectra calculated using the UPPE-TDSE model for the same input
parameters used in the experiment. Despite the weighting of the relative har-
monics not being a perfect match, the reduction in interference between these
and the earlier set of simulations is replicated. This is an expected outcome of
the optimisation procedure.



Chapter 5 Optimised HHG with self-compressed pulses 97

is that the complex spectral structure is almost absent here. This is reproduced in the

corresponding UPPE-TDSE simulations shown in Fig. 5.9, and the source of this change

can be extracted from the optimisation procedure. The complex spectra were attributed

to HHG being driven by two (or more) time delayed pulses. When selecting the length

and gas inlet positions for the new fibre the stability of the optimised parameter was also

considered. It turns out that such stability is an indicator of enhanced pulse contrast,

and as a result interferences are minimised and the spectra take a more conventional

form.

5.1.4 Figures of merit

Making comparisons between the flux of different HHG sources is complicated because

of the vast array of driving lasers used throughout the community and the many possible

figures of merit. From a source development viewpoint efficiency is of utmost importance,

but the energy of the driving pulse must also be considered as multi-mJ lasers become

increasingly expensive and typically have lower repetition rates, decreasing the flux per

unit time.

As the range of XUV wavelengths generated within the new fibre is known the photon

number extracted from the CCD images can be converted into an efficiency. This value

is found to be 5 ± 1 × 10−6, which is ∼ 8 times higher than for a similar configuration

that is supposedly phase-matched [10]. When comparing this value to HHG sources

based on an extended gas cell geometry (like the one developed at Artemis in chapter

3) the conversion efficiency is shown to be an order of magnitude higher [45]. In order

to surpass the efficiency of this new source either very large focal volumes or energetic

VIS/UV pulses are required [86, 74]. These geometries both use very high energy (10-

100 mJ) NIR lasers to either drive a gas cell directly or to drive a harmonic generation

module. This technology is not available to the vast majority of groups so optimised

phase-matching via self-compression is the preferred choice at present.

5.2 Towards isolated attosecond pulses

When HHG is driven by a Gaussian few-cycle pulse the E-field is only sufficiently strong

to generate the highest harmonic orders for half an optical cycle provided the carrier

envelope phase (CEP) is optimised. This results in the harmonic structure being lost

and an attosecond pulse isolated in time. This is demonstrated via a TDSE simulation

in Fig. 5.10 where a 3 fs NIR Gaussian pulse with a peak intensity of 3× 1014 W/cm2

interacts with an individual argon atom. The harmonic spectrum is shown in Fig. 5.10

(a) and a high-pass filter is applied (dashed line) to the broad continuum spanning the

cut-off region. Upon transformation to the time domain the XUV is found to be re-

stricted to a single pulse with a duration of 350 as (Fig. 5.10 (b)). This is the standard
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Figure 5.10: (a) The HH spectrum produced when a 3 fs NIR Gaussian pulse
with a peak intensity of 3×1014 W/cm2 interacts with an argon atom (calculated
via the TDSE). (b) After applying a high-pass filter (dashed line in (a)) this is
transformed into the time domain and the shortest wavelengths are found to be
restricted to an isolated pulse with a FWHM duration of 350 as.

method for generating isolated attosecond pulses (IAPs) and the driving pulses are typ-

ically compressed to few-cycle durations within a conventional hollow fibre compressor

apparatus [81].

Recently, simulations have been performed that predict isolated 560 as pulses may be

generated in a low pressure region after a self-compressed filament [20]. This result is

interesting, but realising it experimentally will be challenging as the optimised driving

pulse will have to be extracted from the high pressure filament cell and delivered to the

gas cell where HHG is performed without experiencing any reshaping. This is where

the gas-filled fibre geometry developed in this thesis comes into its own, as the potential

exists to perform the pulse compression and IAP generation within the same short fibre.

Preliminary theoretical results are now discussed.

5.2.1 Optimal conditions for isolated attosecond pulses

Synthesising a driving pulse within the fibre that causes an IAP to emerge is a challenging

process, and it is made more difficult by the extreme computational resources required

by the model. Thankfully the major limiting factor was found to be the contrast of

the driving pulse, so this could be optimised on its own prior to any further TDSE

calculations. The procedure developed in the previous section is not appropriate here,

as the contrast is rarely sufficient to completely suppress generation on the trailing edge
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Figure 5.11: (a) The high contrast pulse synthesised within the fibre for the
purpose of generating an isolated attosecond pulse. To achieve this the pulse
energy was lowered to 600 µJ and the fibre was replaced with a 27.6 mm length
uniformly filled with 200 mbar of argon. (b) The on-axis high harmonic spec-
trum calculated using the UPPE-TDSE model. (c) After propagating through
a thin titanium filter a 250 as near-isolated pulse is found.
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of the pulse. To overcome this the automated optimisation is replaced by a human one,

and a pulse is propagated through a fibre for a given set of parameters and then studied

as a function of z-position looking for a high contrast few-cycle pulse. One such pulse is

shown in Fig. 5.11 (a). Here, the input pulse energy was lowered to 600 µJ and the 28

mm fibre is filled uniformly with 200 mbar of argon. These parameters were then used

in the full UPPE-TDSE model and the on-axis HH spectrum is shown in Fig. 5.11 (b).

The cut-off region begins to lose its harmonic structure, and when propagated through a

thin titanium filter (note that filter dispersion has been neglected) a near-isolated XUV

pulse with a duration of ∼ 250 as is the result. Note that the high frequency oscillations

near the cut-off are not physical and are instead an artefact of a discrete time window.

5.3 Conclusions and outlook

For the final chapter of results the self-compression mechanism developed in the pre-

vious chapter was exploited to enhance the phase-matching of HHG at the exit of an

argon-filled fibre. An optimisation procedure was developed, and the chosen fibre design

consisted of a 45 mm length with gas inlets positioned 5 mm from the entrance and 3

mm from the exit respectively. This was fabricated and inserted into the gas-filled fibre

beamline and flux measurements and XUV spectra were recorded at a series of pres-

sures. The optimisation process was found to be very successful, and to my knowledge

this fibre outperforms all XUV sources of this type developed to date.

Finally, the results of some preliminary UPPE-TDSE simulations were presented that

suggest it should be possible to extract isolated attosecond pulses from these short fibres.

This work is ongoing and a new optimisation procedure is being developed and CEP

effects are being explored before commencing experimental work.
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Conclusions

The first key achievement of this thesis was the development of a sophisticated set of

models capable of predicting both the propagation of the driving pulse and (if required)

the HH output of the fibre. The latter is accomplished by de-coupling the driving

field from the harmonics such that the calculation of the nonlinear polarization via the

TDSE can be parallelised in both the radial and longitudinal coordinate. These models

represent the cutting-edge of computational nonlinear optics, but there are still many

features to add. These include the addition of a feedback step to improve the consistency

of two medium response models, and the development of a new driving pulse propagation

model that relaxes the requirement of a circular symmetry as interesting behaviour has

been observed in the laboratory in this regime.

Next, the gas-filled fibre beamline at the University of Southampton was introduced.

The procedures developed to process, mount and launch into a fibre were described in

detail before discussing the results of a simple source characterisation experiment. While

the flux measurements weren’t particularly impressive, the XUV spectra recorded were

found to be particularly interesting. These were then compared to UPPE-TDSE simu-

lations and the complex spatial and spectral structure observed in the XUV beam could

be attributed to the highly nonlinear propagation of the pump laser. The second source

developed and characterised was a very different one of 13.5 nm XUV constructed at the

Artemis facility. The first part of this experiment involved finding the optimum condi-

tions for generating 13.5 nm XUV at the Artemis laser facility. Many parameters were

explored including MIR and VIS driving wavelengths but the most efficient combination

was found when focusing 2 mJ NIR pulses into a neon gas cell. For the second half of

the experiment, thin film technology was developed to reject the residual driving laser,

isolate a single harmonic at ∼ 13.5 nm. Finally the beam was brought to a focus focal

spot and when characterised this was found to be well suited to CXDI. Visiting scientists

have started to use this apparatus to image test objects and biological samples. The

next clear step in the source development work at both Southampton and Artemis is to

use a fibre based source for CXDI on a daily basis. For this to be successful the pointing

101



102 Chapter 6 Conclusions

stability of the laser will need to be enhanced and an entirely new mounting, launching

and alignment strategy implemented.

In the penultimate piece of work the propagation of the driving pulse is studied in

depth and a new mechanism is discovered to self-compress energetic many-cycle laser

pulses to few cycle durations within short gas filled-fibres. The mechanism leads to pulse

contrasts similar to those observed from filaments but at significantly lower gas pressures,

enabling HHG to be performed within the compressor device itself. Spectrometer and

SHG FROG measurements were recorded in the far-field, and once the exact initial

conditions had been measured and replicated in the model an excellent match between

theory and experiment was achieved. For the final part of this work novel wavelengths

(VIS to MIR) and pulses delivered by high repetition rate fibre laser systems were

explored. The compression mechanism can be extended to both of these regimes, but

high fibre losses were found to become a limiting factor at long wavelengths and small

core radii. In the future this will be addressed by replacing the simple capillary-type

fibre with a Southampton fabricated microstructured fibre, where losses can be as much

as three orders of magnitude lower. These fibres have now been incorporated into the

MM-GNLSE and UPPE models and the impact of the low loss on the compression

mechanism and HHG are being examined.

In the final chapter the new self-compression mechanism was used to optimise the char-

acteristics of the harmonic field generated in-situ. First, an optimisation procedure

was developed to the enhance phase-matching by maintaining a few-cycle driving pulse

throughout the fibres exit. The chosen design consisted of a 45 mm length of fibre with

gas inlets positioned 5 mm from the entrance and 3 mm from the exit respectively.

Such a fibre was processed and positioned in the gas-filled fibre beamline and flux mea-

surements and XUV spectra were recorded at a series of pressures. The optimisation

procedure was very successful and to my knowledge this is the brightest source of its

type developed to date. The thesis is then concluded with some fascinating UPPE-

TDSE simulations that suggest it may be possible to extract isolated attosecond pulses

from these short fibres. This work is ongoing and CEP effects are being explored before

designing any experiments.



Appendix A

FROG traces

The following figures contain the measured and reconstructed SHG FROG traces ob-

tained in the GRENOUILLE and FROG experiments described in chapter 4. Fig. A.1

shows the traces used to produce Fig. 4.10 (b) and (c). Fig. A.2 then presents the

traces used to produce Fig. 4.13 (a), (c) and (e).

(a) (b)

Figure A.1: The measured (a) and reconstructed (b) GRENOUILLE trace anal-
ysed to produce Fig. 4.10 (b) and (c). The retrieval error here is 0.00995.
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(a) (b)

(c) (d)

(e) (f)

Figure A.2: The measured (a, c and e) and reconstructed (b, d and f) SHG
FROG traces used to produce Fig. 4.13 (a), (c) and (e). The retrieval errors at
the 3 input energies are 0.01004, 0.01973 and 0.0258.
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snider, R. I. Tobey, O. Cohen, M. M. Murnane, H. C. Kapteyn, C. Song, J. Miao,

Y. Liu, and F. Salmassi. Lensless diffractive imaging using tabletop coherent high-

harmonic soft-x-ray beams. Physical Review Letters, 99(9):098103, 2007.

[81] G. Sansone, E. Benedetti, F. Calegari, C. Vozzi, L. Avaldi, R. Flammini, L. Poletto,

P. Villoresi, C. Altucci, R. Velotta, S. Stagira, S. De Silvestri, and M. Nisoli. Isolated

single-cycle attosecond pulses. Science, 314:443–446, 2006.
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